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Preface " ... Nature has something more in 
view than its own proper males should 
fecundate each blossom." 

ANDREW KNIGHT 
Philosophical Transactions, 1799 

Pollination mechanisms and reproduction have a decisive 
bearing upon rational procedures in plant breeding and crop 
production. This book intends to furnish' under one cover 
an integrated botanical, genetical and breeding-methodologi
cal treatment of the reproductive biology of spermatophytes
mainly angiosperms; it is based on an advanced topical course 
in plant breeding taught at the Hebrew University of Jerusa
lem. 

We have tried to present a coverage which is concise, 
but as comprehensive as possible, of the pollination 
mechanism and modes of reproduction of higher plants, and 
to illustrate topics, whenever practicable, by examples from 
cultivated plants. Nevertheless, some relevant publications 
may have escaped our attention or may not be mentioned 
because of various limitations. 

The book is organized into three parts. The first part 
starts with an evaluation of the significance of the different 
pollination mechanisms for plant breeding and crop produc
tion, describes modes of reproduction in higher plants and 
discusses ecology and dynamics of pollination. The second 
part is devoted to crops propagated by self pollination and 
describes specific breeding procedures for such crops. The 
third part details sexual reproduction in higher plants and 
handles three mechanisms involved in the prevention of self 
pollination and their utilization in plant breeding: sex expres
sion, incompatibility, and male sterility. 

We hope this book will prove useful to biology and agricul
ture students at the graduate level, to plant breeders and 
other people interested in acquiring a broader knowledge 
of the reproductive biology of higher plants, and serve for 
intra- and interdisciplinary communication between botanists, 
geneticists, plant breeders and agriculturists. 

We owe thanks to Mrs. V. ASSCHER for her careful 
typing of the manuscript, to Mrs. V. PRIEL for English editing, 
and to Mrs. N. GESTETNER for preparing the line drawings. 
One of us (E. G.) is grateful to the Israel Academy of Sciences 
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and Humanities and to the Royal Society for a grant which 
enabled him to perform a literature study at the Royal Botanic 
Gardens, Kew. Thanks are also due to many colleagues and 
students for valuable discussions and suggestions and to 
authors and publishers for permission to use or reproduce 
their illustrations. 

Bet Dagan/Rehovot, 
January 1977 

R. FRANKEL . E. GALUN 
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Chapter 1. Introduction 

The pollen grain is the discrete and mobile stage of the male gametophyte 
of higher plants. We shall regard the pollination process in the broad sense~ '. 
constituting conveyance of the pollen grain to the sessile female gametophyte 
as well as the germination and growth of the male gametophyte, up to fertilization. 
Pollination mechanisms are thus, in this sense, the means by which transference 
of functional pollen is achieved, or avoided, from the pollen-bearing structure 
to the compatible and receptive surface of the ovule, and by which ultimately 
fusion of the sperm nuclei of the pollen with the egg cell and the polar nuclei 
of the female gametophyte is effected. As such, pollination mechanisms are 
considered by us to comprise sexual differentiation, microsporogenesis, macro
sporogenesis, structural modifications of flowers, pollen dispersal ecology, and 
structural or physiological barriers and facilities to fertilization. We shall deal with 
these aspects, emphasizing their implications for plant breeding and crop produc
tion. 

1.1 Implications of Pollination Mechanisms in Plant Breeding and 
Crop Production 

1.1.1 Pollination Mechanisms and Breeding of New Cultivars 

Plant breeding activities may be characterized by a closed cycle (Fig. 1.1). Desired 
traits are drawn from the natural or artificially induced store of accessible 
variability. Traits are isolated, evaluated and recombined to enrich the store 
of variability. The creation of a new cultivar constitutes a break in the cycle 
and ingress into multiplication, maintenance and distribution of the new cultivar 
(Fig. 1.1). 

Pollination mechanisms in plants have a decisive bearing upon rational proce
dures in all mentioned plant breeding activities. The nature of the assemblage 
of genotypes depends to a high degree on the extent of natural recombination 
of traits, on genetic uniformity within a population, on degrees of homozy
gosity-all being subject to the past and prevalent modes of pollination. Isolation 
or selection procedures must be based on the behavior of the individual or 
the population of phenotypes (and not of genotypes) under the pressures of 
the chosen separation method. Thus, homozygosity and dominance relations 
come into play in the isolation process. The modus operandi of the evaluation 
of a phenotype (which often has to be preceded by an initial multiplication) 
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Fig. 1.1. Plant breeding activities 

must obviously be adopted with the breeding behavior of the plant in mind. 
Sexual hybridization, finally, constitutes controlled pollination, implementation 
of which obviously depends on pollination mechanisms. 

Various plant breeding methods have been designed to adjust to the pollination 
pattern of the crop. However, pollination patterns may not remain consistent, but 
vary in time and location. Thus, for instance, different degrees of homozygosity 
may be encountered in the same crop, a situation which is important for pedigree 
breeding and backcrossing. Among other factors, selection breeding depends 
on the extent and range of variation, popUlation breeding on stability of population 
structure, and synthetic varieties on requirements for components maintenance 
and renewed assembly of the cultivar. Thus, the importance of pollination 
mechanisms and dynamics is indicated in every phase of breeding of higher 
plants. 

1.1.2 Pollination Mechanisms and Cultivar Maintenance 

The identity of a cultivar must be. kept constant by proper maintenance of 
its original genetic makeup. Gene frequency changes may cause loss of the 
unique characteristics of cultivars such as adaptation to ranges of environments 
or quality characteristics. Agriculturists term such development "running out" 
or "loss of trueness to type" of cultivars. 

Proper procedures for maintenance and multiplication depend largely on 
modes of pollination within the variety population, on reproductive efficiency 
of components of the population, and on isolation from foreign pollen. Avoidance 
of transfer of foreign pollen may be achieved by spatial or temporal isolation 
of one cultivar community of mass in the maintenance and multiplication of 
an open-pollinated cultivar. In composite or synthetic cultivars, differential repro
ductive efficiency of genotypes may cause shifts tin the genetic composition of 
the variety population; such differential may be enhanced by certain environments 
and minimized by others. Thus, both male and female outcrossing as well as 
the reproductive efficiency of genotypes in the prevailing environment, must 
be considered in stages of reassembly, maintenance and multiplication of compo
site cultivars. 

Pollination mechanisms are of extreme importance in multiplication of seeds 
and in the production of hybrids. Maintenance of parents, as well as the economic 
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production of hybrid seed, utilize genetic varIatIon in flower biology. Some 
crops are propagated asexually. If vegetative parts of asexually propagated crops 
serve as agricultural yield, the pollination mechanism may be of importance 
in the breeding phase only (e.g. Irish potato), or in the breeding and maintenance 
phases only (e.g. sugar cane). If reproductive organs of asexually propagated 
crops serve as agricultur~l yield, pollination becomes important for both the 
breeding and the final production phases (e.g. strawberry and fruit trees). In 
some cases, where the parent genotypes are difficult to derive or to maintain, 
asexually reproduced clones may serve as parents for F 1 hybrid seed production 
(e.g. double-flowered petunia or gerbera). Thus, pollination mechanisms become 
important in the breeding and multiplication phases only. 

1.1.3 Pollination Mechanisms and Agricultural Yield 

Agricultural yield may be composed of vegetative or reproductive parts of the 
plant. In cabbage, onion or forage plants, vegetative organs serve as yield and 
pollination mechanisms are of no importance in the production. For that matter, 
it may be desirable that cultivars do not flower at all to insure quantity and 
quality of yield. "Bolting", as such unwanted production of flower stalks is 
termed, may in fact make the agricultural yield useless. Even in plants in which 
the agricultural yield is related to reproductive parts, seed set is sometimes 
unwanted. Thus, the "seedless" characteristic of parthenocarpic fruits such as 
oranges, pineapples and cucumbers, or sterility of ornamental flowers increasing 
vaselife, depend on the absence of pollen or pollen vectors, incompatibility, 
or sterility. 

On the other hand, pollination mechanisms influencing proper pollination 
are of extreme importance for yield where seed set is required. Self-incompatibility 
and vegetative propagation in certain fruit trees may cause problems in production. 
The morphology of tomato flowers may become important in greenhouse produc
tion where air vibration is minimal. The presence of insect vectors for pollination 
may become critical in cucumber cultivation under plastic tunnels. Various 
climatic factors, such as rain, wind and temperature, directly affect efficiency 
of pollination in many crop plants. 

1.2 Reproduction in Higher Plants 

1.2.1 Historical and General Background 

The causal relationship between pollen and the formation of fruits and seeds 
was recognized at the dawn of agricultural civilization. Artificial pollination 
of the dioecious date palm was practiced as early as 2,000 BC during the 
reign ofthe Assyrian king Hammurabi (ROBERTS, 1929). CAMERARIUS' statement 
(1694) that "pollen is necessary for fertilization and formation of seeds" may 
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be regarded as the first published recognition of the universal role of pollination 
in the sexual reproduction of higher plants. AMICI (1824, 1830) traced the fate 
of the germinating pollen and its tube up to the ovule, and STRASBURGER 
(1884) confirmed the fusion of one of the male gametes with the egg nucleus. 
Finally, at the end of the 19th Century, the double fertilization process was 
discovered as a normal feature in the angiosperms (NA WASHIN, 1898; GAUGNARD, 
1899). . 

1.2.1.1 Morphological-Structural Flower Biology 

It appears to have been DARWIN who primed the vigorous quest for knowledge 
of pollination mechanisms. As a keen observer and integrator of the common 
knowledge of plant and animal breeders (among them notably CHRISTIAN KON
RAD SPRENGEL), he concluded that cross-fertilization is not only beneficial in 
long-term evolution, but also required for maintenance of vigor and fertility: 

"I have collected a large body of facts, showing ... that close interbreeding diminishes 
vigour and fertility; that these facts alone incline me to believe that it is a general law 
of nature ... that no organic being selffertilizes itself for an eternity of generations; but 
that a cross with another individual is occasionally-perhaps at very long intervals-indis
pensable". (DARWIN, 1859) 

Although DARWIN had vague or confused ideas about the origin of genetic 
variation, he elaborated on the variation in pollination mechanisms. The various 
adaptations and interactions in flower biology were recognized as serving the 
necessity that "in no organic being can selffertilization go on for eternity". 
DARWIN described almost all known outbreeding mechanisms in plants (separa
tion of sexes, prepotency of distinct varieties of pollen over own pollen, protandry, 
protogyny, self-incompatability, style extrusion and other flower modifications, 
insect vector adaptations). It is astonishing how "modern" was DARWIN'S interpre
tation of the apparent contradiction between the hermaphrodite makeup of 
flowers and superimposed cross-pollination mechanisms: 

"How strange that the pollen and stigmatic surface of the same flower, though placed 
so close together as if for the very purpose of selffertilization, should in so many cases 
be mutually useless to each other! How simply are these facts explained on the view 
of an occasional cross with a distinct individual being advantageous or indispensable". 
(DARWIN, 1859) 

DARWIN'S observation of inbreeding depression in plants and the fact that 
"a single cross with a fresh stock restores their pristine vigour" (DARWIN, 1878) 
initiated extensive investigation of structural adap~ations of flowers to cross-pol
lination. The morphological-structural approach ~o flower biology was prevalent 
during the second half of the 19th Century; the extensive reference work by 
KNUTH (1898-1905) dominates the literature of that period. 

1.2.1.2 Functional Flower Biology 

Only in the last thirty years has the descriptive, morphological-structural view
point been superseded by a dynamic functional approach to flower biology. 
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This was due mainly to the influence of contributions of workers in the field 
of the interrelations between pollen transference vectors and flower structure 
(see recent discussions on the subject by FAEGRI and VAN DER PIlL, 1971; 
PROCTER and YEO, 1973). Studies were initiated or extended in fields such 
as flower induction, photoperiodic and thermoperiodic influences, sex expressi9n, 
environmental and hormonal influences, genetic sex determination, inheritance 
of sex types, natural cross-pollination rates, developmental aspects of apomixis, 
inheritance and physiology of self-incompatibility, inheritance of male sterility, 
and pollination ecology and dynamics. 

1.2.1.3 Correlation between Structure and Function 

The causal interrelation between flower structure and mode of pollination should 
be obvious from a consideration of evolution. Nevertheless, structural adaptations 
to cross-fertilization may often be only an evolutionary remnant upon which 
a new reproductive mechanism is superimposed. This can be illustrated by 
a large number of examples. Thus, we find commonly on one hand assignment 
of sexes to different plants (dioecy) serving obligate cross-fertilization (e. g. date 
palm, spinach), vs dioecy upon which asexual reproduction is superimposed by 
apomixis (e. g. Simmondsia sinensis). We find adaptation to insect pollination 
(entomophily) in legumes serving the goal of outcrossing (e. g. Vicia villosa, 
M edicago sativa, Trifolium pratense), against adaptation to entomophily achieving 
self-fertilization (e.g. Vicia sativa, Medicago hispida, Trifoliumfragiferum). In the 
Gramineae adapted normally to wind-pollination we fmd both cross-pollinated 
species (e.g. Setaria sphacelata, Hordeum bulbosum, Saccharum officinarum) and 
self-pollinated species (e. g. wheat, barley, oats, Setaria italica). Thus, both struc
tural and functional aspects of flowers must be· studied and comprehended 
for proper appraisal of the pollination mechanisms. 

1.2.2 Modes of Reproduction 

The multicellular plant, as all living systems, has a restricted life span. To 
conserve the life of the organism, alternation of generations is required by 
reproduction. Moreover, successful maintenance depends on increase in numbers, 
on adaptation, as well as on colonization and dispersal of populations. Reproduc
tion of the multicellular plant is achieved asexually or sexually. Asexual reprodl.lc
tion occurs readily in higher plants but not at all in hi&her animals. Mitotic cell 
divisions and establishment of asexual propagules and fqrmation of seeds without 
a sexual process provide for alternation of successive sporophyte generations 
by asexual reproduction and rapid increase of adapted populations in a stable 
environment. Meiotic cell division, sexual differentiation and syngamy provide 
for heteromorphic alternation of gametophyte-sporophyte generations by sexual 
reproduction and proper adaptation in changing environments. Pollination 
mechanisms have a decisive role in sexual reproduction in plants. To put this 
role in the proper perspective, sexual and asexual modes of reproduction in 
plants will be discussed next. 
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1.2.2.1 Sexual Reproduction 

Sexual reproduction is the prevalent mode of propagation in higher plants. 
The biological significance of sexual reproduction in diploid and polyploid plants 
lies in pooling of genetic information carried by the individuals of an interbreeding 
population. Phenotypic uniformity must not be sacrificed by storage of a large 
amount of genetic variability in such a population. 

1.2.2.1.1 Spatial Separation of Sex Organs as an Outbreeding Device 

The reproductive organs of the spermatophytes, the flowers, exhibit almost infinite 
morphological and physiological expressions. Floral adaptations are concerned 
mainly with efficient pollination and regulation of level of outbreeding. One 
way of adjustment for evolutionary proper hybridity in plant populations is 
spatial separation of sexual organs within or between plants. In normal bisexual 
plants female and male reproductive organs and gametes are produced in the 
same individual. In normally unisexual plants we find a separation of sexes 
(sexual dimorphisms) and only one kind of gamete (female or male) is produced 
in each individual. There exist also plant species in which different individuals 
are either bisexual or unisexual. The ratio and expression of the sexual flower 
types of polymorphic plants may be modified. 

1.2.2.1.2 Basic Concepts of Structural Differentiation 

From the considerations stressed above a thorough understanding of the sexual 
reproduction in plants is a prerequisite for sensible utilization of the pollination 
mechanism for breeding and improvement of crop productivity. We shall, therefore, 
focus our attention on the differentiation of structure and function of the flower, 
the medium of sexual reproduction in angiosperms. Some fundamental considera
tions of differentiation of multicellular structures should, nevertheless, be dealt 
with first. We shall keep in mind that at the level of complexity in which 
we are dealing the structure and function of an elaborate organ, such as the 
flower, the direct approach to search for the processes which ultimately lead 
from the genetic information stored in the cells to a functional three-dimensional 
structure, is far beyond our aim. At the level of our present understanding 
this approach is useful at only very low levels of differentiation (e. g. the composi
tion and form of viral coat proteins; c. f. POGLAZOR, 1973; HARRISON et aI., 
1973). In these simple systems the causal relationship between DNA base sequences 
and the polypeptides which assemble in a predictable way to form the ultimate 
viral coat is a rather fruitful and interesting research objective. Nevertheless, 
it is also by deducing from the many genes involved in the construction and 
assembly of subunits of such primitive forms that we can infer the immense 
complexity of the morphogenetic processes leading to a multicellular structure. 
We shall, therefore, keep in mind that what we mean by investigating the differen
tiation in multicellular structures, such as flowers, is merely to seek an understand-
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ing as to how specific lines of morphogenetic events, out of two or more potential 
ones, are actually taking place. To illustrate this point let us take a simulation, 
far removed from our system, but which bears the essence of the above considera
tion. Consider a railroad system toy, with fixed ramifications of rails, permitting 
a train to be sent to a variety of destinations. The role of the student of differentia
tion can then be exemplified by a child devoting himself to learning the ways 
of diverting his train along some of the fixed routes. He may familiarize himself 
with rail shifts and their function and effects on the destiny of the train, but 
will not be concerned with the layout of the rails or with the propulsion of 
the train. 

1.2.2.1.3 Models of Floral Differentiation 

The initiation of floral development and the modification of floral structure 
attracted many students of differentiation. Taking earlier studies and their interpre
tation into account, WARDLOW (1957) treated the floral meristem as a reaction 
system which passes through an irreversible sequence of phases. WARDLOW'S 
analysis regarded the floral bud as a shortened, determinate variant of a shoot 
tip in which the apex was converted into a receptacle and the foliar initials 
into floral members (calyx, corolla, androecium and gynoecium). He then followed 
the lines of thought earlier formulated by MATHER (1948) and applied them 
to the examination of floral ontogeny. For his consideration, WARDLOW divided 
the apex into several zones, giving the 'sub-distal region' a prime regulatory 
role: "In the sub-distal reaction system we may envisage the 'flower inducing 
substance' (or substances) not merely as affecting an initial change in the working 
system, but as initiating an orderly sequence of changes in its activity, partly 
by evoking successively the action of specific genes and partly as a result of 
physical correlation." We shall see more clearly what was meant by WARDLOW 
when we turn to the model of regulation of sex expression in flower proposed 
by HESLOP-HARRISON (1963, 1972). HESLOP-HARRISON extended MATHER'S 
and WARDLOW'S concepts, and by taking into consideration the current know
ledge on gene action and regulation as well as the available experimental results 
obtained by him and by others, he arrived at a detailed model. This model 
illustrates the events at a terminal floral bud, but is also applicable to axillary 
buds (Fig. 1.2). Our starting point will be the vegetative, uncommitted, apex 
induced to transform into a floral meristem. It then undergoes a scheduled 
program of growth in seriation, producing lateral determinate members which 
are either sterile or spore-producing: the sterile producing sepals and petals 
(or tepals) and the sporophylls differentiating either as stamens or as carpels. 
Experimental evidence indicates that during a certain early period, these lateral 
initials entertain a 'plastic' phase and that only at the latters' termination is 
the member completely autonomous in its irreversible fate to become a periant 
or an essential floral member. Before and during the 'plastic' phase the primordium 
is under the control imposed on it by the surrounding tissue and its spatial 
location relative to other primordia as well as to the apex, is determinative 
to its final ontogeny. Thus, the floral meristem generates sequentially primordia 
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Fig. 1.2. A model for a differentiating floral 
apex according to HESLOP-HARRISON (1963). 
Floral induction (Flor) causes the shift from 
vegetative growth to flowering. In cells of 
the lower floral member gene complex A 
is activated and inducer C( is produced. The 
latter flows to the next floral member activat
ing gene complex B etc. 

for the lateral members and sends them to their prospective final form in a 
fixed order (Fig. 1.3). 

The above is a schematic model which attains an idealized completion in 
the formation of a bisexual flower such as that of H elleborus. By appropriate 
regulation of the number and character of the lateral members, a vast variety 
of final floral structures can be visualized. According to this model we may 
regard the female flower of cucumber as resulting from an early suppression 
of further development of anther initials (Fig. 1.4) and the female flower of 
hemp as resulting from a direct 'passover' from periant initials to carpel initials, 
lacking any vestiges of stamen initials. 

receptacle 

Fig. 1.3. A diagram of a longitudinal section of a flower of Christmas rose (H elleborus). 
The perianth consists of two similar whorls; there are numerous stamens arranged in 
a spiral on a cone-shaped receptacle. Five separate carpels form the central whorl of 
floral parts. From W EIER etal. (1974) 
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In the foregoing discussion several points were intentionally omitted. These 
should now be considered. They concern arguments in favor of a complete 
separation of cell lineage between vegetative (e. g. leaves) and reproductive (e. g. 
carpels) tissues, which are based on histological observations. This apparently 
obligatory 'division of labor' would speak against the 'plasticity' of shoot apices 
and their projected primordia to become either vegetative shoots and leaves, 
respectively, or to be shifted into floral members. However, enough evidence 
has been provided in recent years about the retainment of totipotency. The 
production of whole plants from a single leaf mesophyll (TAKEBE et ai., 1971) 
and from leaf epidermal cells (e. g. THI DIEN and TRAN THANH, 1974) are two 
of several indications of such totipotency. 

Another point concerns the evolutionary origin of the unisexual flowers 
in diclinous plants. Two possibilities were put forward (see HESLOP-HARRISON, 
1957). All unisexual flowers could have a primary bisexual origin (i. e., descending 
from a preangiosperm with bisexual strobili) or two kinds of unisexual flowers 
coexist: those of a primary bisexual origin and those from a primary unisexual 
origin (i. e., descending from a preangiosperm with unisexual strobili). However, 
for our present considerations this is of no importance since experimental evidence 
shows that even in the candidates of the later group, e. g. hemp flowers, both 
stamens and carpels can occur in the same flower under certain conditions 
(HESLOP-HARRISON, 1958). 

Fig. 1.4. Section through an in vitro cul
tured cucumber floral bud. Anther initials 
( Ant-in) were arrested while ovary did 
develop. A female flower would ultimately 
result by completion of ovary, sepals 
(Sep) and petals (Pet) differentiation 
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The last point is the question whether or not in fact the genetic information 
needed to construct all floral members exists potentially in every floral bud, 
including those borne on unisexual plants. This question seems to require a 
definite answer because only if it is answered in the affirmative way may we 
assume that the final expression of the floral bud can be fully conditioned 
by regulatory processes. Unfortunately, we cannot furnish a decisive answer 
to this question. Even though there are cases which appear to be rather clear, 
indicating a lack of genetic information for the construction of one of the 
essential members, we should be careful in our reasoning. This is exemplified 
in Melandrium (WESTERGAARD, 1958) where the genes for stamen formation 
were assigned to a specific section of chromosome Y and are thus apparently 
absent from female plants. Nevertheless, there are arguments for the claim that 
the genetic information for the construction of stamens is not entirely lacking 
in female Melandrium plants. To stress this point we may divert to mammals 
where the genes responsible for the construction of the testes are assigned to 
the Y chromosome, and thus should be absent in the XX females. Still the 
case is not finally stettled. Gonad primordia in human embryos first appear 
as genital ridges about 5 weeks after conception, and for one more week they 
remain in an indifferent state. Only then the sex cords appear in male embryos, 
while in female embryos the 'resting' period lasts longer. MITTWOCH (1969, 
1973) suggested that the role of the Y chromosome is merely a regulatory 
one: in XY embryos cell division is facilitated, especially at the gonad primordium, 
inducing testes differentiation, while the slower mitotic activity in the XX embryos 
retards further gonad development and thereby enables the differentiation of 
the ovaries. Although this specific problem has not yet been settled, there is 
a warning for us: unidirectional differentiation in higher organisms, which seems 
to be caused by lack of structural information, may actually be based on regulatory 
mechanisms. 

1.2.2.1.4 Definitions of Sex Types in Flowering Plants 

Plants with only staminate or only pistillate flowers are commonly termed male 
and female plants, respectively. We shall not change this widely used designation. 
Nevertheless, the reader should be aware that from a strict botanical point of 
view this terminology is questionable. Strictly speaking, 'male' is the organism 
which produces the usually motile male gametes, and female is the organism 
producing the usually less motile or sessile female gametes. These roles are 
attributed in the class Angiospermae, to the gametophytes. Gametophytes in 
this class are always unisexual, and should thus be designated as 'male' or 
'female'. But, while bearing in mind these 'true' definitions, we should consider 
the actual relation between the gametophyte and the sporophyte in flowering 
plants. 

This relation imposes a control of the autotrophic sporophyte over the hetero
trophic gametophyte; thus, the sex differentiation of the latter depends on factors 
effective in the sporophyte. To put it more clearly, the sex expression of the 
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gametophyte is imposed by the kind of sporophyll in which it develops: in 
a stamen, a male gametophyte will result; in a carpel, a female gemetophyte 
will result. Therefore, as rightly put forward by HESLOP-HARRISON (1972), the 
heterangy ofthe sporophyte can be regarded itself as a form of sexual dimorphism, 
and by extending this reasoning we may term staminate and pistillate structures 
as male and female, respectively. 

The terminology and classification of sex in plants can be quite confusing. 
Moreover, there is no general agreement in either the classification of sex types 
or in the symbols assigned to them. We shall avoid here a critical review of 
sex terminology in flowering plants, and not claim that our usage has the 
most sound botanical basis. The following classification is merely intended to 
avoid confusion, and still to include most of the existing types of sex expression 
in plants. 

We should first keep in mind that one may speak about sex expression 
in an individual flower, in an individual plant, or in a group of plants (e.g. 
a species or a cultivar). The terminology should make it clear which of the 
above three we have in mind. 

1. Sex expression of the individual flower 
Hermaphrodite-flower having both stamens and carpel (or carpels) 
Staminate (or androecious)-flower having only stamens but no carpels 
Pistillate (or gynoecious, carpillate)-flower having only carpels but not 
stamens 

2. Sex expression of the individual plant 
Hermaphrodite-plant with only hermaphrodite flowers 
M onoecious-plant with both staminate and pistillate flowers 
Androecious (or mal e)-plant with only staminate flowers 
Gynoecious (or female)-plant with only pistillate flowers 
Andromonoecious-plant with both hermaphrodite and staminate flowers 
Gynomonoecious-plant with both hermaphrodite and pistillate flowers 
Trimonoecious-plant with all three types of flowers: hermaphrodite, stam
inate and pistillate. 

Basic flower types in individual plants are shown in Fig. 1.5. 
3. Sex expression of groups of plants 

Here the term 'groups' is not clearly defined. In the most common case, this 
would mean the taxon or the species as a whole; but it may also comprise 
a natural isolated subspecies population of plants. In cultivated crops the group 
may be formed during the breeding process and thus kept as such under culture 
or breeding conditions. 

H ermaphrodite-a group consisting of only hermaphrodite plants 
M onoecious-a group consisting of only monoecious plants 
Dioecious-a group consisting of androecious and gynoecious plants 
Androdioecious-a group consisting of hermaphrodite and androecious 
plants 
Gynodioecious-a group consisting of hermaphrodite and gynoecious 
plants. 

This list is obviously not complete, as the possible theoretical combinations 
of plant sex types is almost unlimited. Some of the types not listed here do 
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Fig. 1.5. A scheme for the classification of sex in individual plants. The vertical lines represent 
individual plants or sections of plants i.e. a plant may be first androecious and then 
(e.g. in the next flowering season as in Arisaema) become gynoecious. Flower and sex 
type symbol are given as used in this book 

occur in either natural or artificially bred populations but they are rather rare 
and could be described without a previously defined term. 

Terminology does not help us in rather common cases where either the flower 
or the plant cannot be included strictly under one designation: an androecious 
plant may have some flowers with degenerated stamens; moreover, as we shall 
see, temporary changes in sex expression can be imposed experimentally, e. g. 
a gynoecious plant can be induced to develop male flowers. 

In the classification of sex in individual plants, we neglected the patterns 
of floral distribution. Plants may be classified under the same terminology (i. e., 
monoecious, andromonoecious or gynomoecious) and still vary vastly in their 
sex expression. We shall not go into such details here but will exemplify this 
situation by mentioning three, out of many more, patterns in monoecious plants: 

1. Staminate and pistillate flowers are distributed throughout the plant -e. g. 
many cucumber cultivars. 

2. Staminate and pistillate flowers are grouped in male and female inflores
cences, respectively-e. g. corn. 

3. At any specific time the plant bears only one type of flowers-e. g. Arisaema 
japonica, having first only staminate flowers and in subsequent seasons only 
female flowers. Populations of such plants may erroneously be classified as 
dioecious by a careless observer, and in fact this has happened (MAEKA W A, 

1924). 
In conclusion we should bear in mind that this terminology is intended 

only to shorten our communication and by no means should it be regarded 
as a description of sex expression. Having thus defined the terminology regarding 
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the sex of flowers, plants and groups of plants, we should always be careful 
to express ourselves clearly. That is, we should speak about a staminate flower, 
a pistillate plant and a dioecious population (or group). 

1.2.2.1.5 Temporal Separation of Sex Organs as an Outbreeding Device 

Until now we have considered spatial separation of sex organs as an outbreeding 
device. A second device for the adjustment of evolutionary proper hybridity 
in plant populations is temporal separation of the activity of sexual organs. 
In bisexual plants, such separation ensures that a plant or an individual flower 
is unable to shed and receive pollen at the same time, and thus becomes dichoga
mous. Bisexual plants, shedding and receiving pollen at the same time, are 
termed homogamous. Homogamy does not necessarily result in self-fertilization 
("autogamy"). Morphological, as well as various physiological barriers to auto
gamy, may exist in the hermaphrodite flower ("hercogamy"). The structure of 
homomorphic flowers may facilitate cross-fertilization. Flowers may also be 
of more than one morphological type ("heteromorphy"); such a condition usually 
influences breeding behavior. Functional failure of self-pollination due to mechani
calor physiological barriers ("self-incompatability") as well as the absence of 
functional male gametes ("male sterility"), are important outbreeding devices 
of hermaphrodite flowers. Out breeding devices will be dealt with in Chapter 
3, and inbreeding devices, such as functional autogamy and cleistogamy, will 
be discussed in Chapter 2. The various modifications of dichogamy and homogamy 
of hermaphrodite flowers are shown in Table 1.1. 

In monoecious plants, dichogamy may be due to the pattern offloral distribu
tion (see Section 1.2.2.1.4). Thus, we must distinguish between plant dichogamy 
in a monoecious plant, and single flower dichogamy in a hermaphrodite flower. 

Table 1.1. Classification of hermaphrodite flower modifications 

/ Protandrous 

Dichogamous 

~ Protogynous 

(pollen shed prior to stigma receptivity) 

(receptivity of stigma preceding pollen shedding) 

Cleistogamous (pollen shed and stigma receptive when flower is closed, 
/ usually enforcing autogamy) 

Homogamous 

~haSmOgamous (flower open when pollen is shed and/or stigma recep
tive) 

Hercogamous (morphological or physiological barrier to self fertiliza
tion exists in homomorphic or heteromorphic flowers, 
leading to allogamy) 

Autogamous (capable of self-fertilization) 
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Furthermore, dichogamy may exist also III dioecious specIes such as in the 
date palm (group dichogamy). 

1.2.2.2 Asexual Forms of Reproduction 

Asexual reproduction affords continuity and increase in populations of higher 
plants by means of natural or artificial propagules. These propagules have the 
capacity of regeneration of the whole plant by successive mitotic divisions. 
Asexual propagules may be located outside or within the floral regions of the 
plant. 

1.2.2.2.1 Asexual Propagules outside the Floral Region 

Among the natural propagules many herbacious perennials feature dormant 
fleshy organs-roots, stems or leaves, specialized for food storage during cold 
or dry seasons, which function in multiplication. The organs bear buds to produce 
new shoots in the next season (see review by WEBER, 1967). Thus, we find 
modified fleshy roots in the sweet potato or in Dahlia, modified fleshy stems 
such as bulbs in Narcissus or in Allium, corms in Gladiolus or in Colchicum, 
tubers in the Irish potato or in Caladium, rhizomes in Iris or in Phragmites, 
and modified leaf structures such as leaf bulbils in Bryophyllum or in Cardamine. 
In some cases basal side shoots develop into runners which root and produce 
new plants (e. g. in strawberries and Saxifraga). 

Asexual plant propagation in agriculture is based on the natural propagules 
mentioned or .on artificial propagules. Such propagation is required in many 
cases: to increase the proportion of female plants in the population (e. g. dioecious 
date palm), clonal maintenance of self-incompatible varieties (e. g. avocado), 
fixation of heterozygosity and hybrid vigor (e. g. roses), multiplication of material 
grown under conditions in which plants do not flower (e. g. sweet potatoes), 
and production of pathogen-free clones (e. g. carnations). 

Artificial propagules of various kinds are employed in vegetative plant propa
gation (see review by HARTMANN and KESTER, 1968). Many horticultural crops 
are propagated by stem, leaf or root cuttings endowed with a potential shoot 
system. Shoots and roots are initiated by buds already present, or by the develop
ment of primordia via meristematic cells. An additional method of vegetative 
propagation is "layering", utilizing the development of roots on stems still attached 
to the parent plant. The rooted stem, after being detached, becomes a new 
plant. Layering sometimes occurs in nature (e. g. raspberries). Another important 
method of vegetative propagation consists in joining parts of plants together 
("grafting"). The united parts, being symbiotic, behave like one plant. Multiplica
tion of the desired type is achieved by subdivision into many parts. Such parts 
may be very small, often consisting of a small piece of bark and wood and 
a single bud ("budding"). Finally, aseptic tissue culture techniques become practi
cal in the propagation of horticultural plants (see recent discussion and review 
by NICKELL and HEINZ, 1973; MURASHIGE, 1974). Excised shoot tips ("meristem 
culture"), callus and even single cells are utilized. The large-scale multiplication 
of a desired individual plant achieved by these techniques, and the fact that 
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sometimes desired clones can be freed of pathogens by culturing terminal growing 
points, make the so-called "micropropagation" increasingly attractive for agricul
tural purposes. 

1.2.2.2.2 Asexual Propagules within the Floral Region 

Apomixis, i. e., replacement of sexual by asexual reproduction, is the evolutionary 
result of a tendency to reduce genetic recombination. Flowers, designed for 
efficiency in the sexual process, underwent an evolutionary adjustment either 
by producing parthenogenetic seed ("agamospermy") or by producing propagules 
instead, or in the addition of normal flowers ("vivipary"). Agamospermy may 
result in diploid parthenogenesis by: (1) formation of an unreduced embryo 
sac from nucellar or integument cells ("apospory") or from archesporal cells 
("diplospory"); or (2) directly from the sporophyte tissue ("adventitious 
embryony"). In the broad sense, agamospermy may include also haploid partheno
genesis by the development of a haploid embryo from the egg ("gynogenesis") 
or microspore ("androgenesis"). 

Haploid parthenogenesis may be utilized in breeding procedures, e. g. for 
the production of homozygous parents (see reviews by HORN, 1972; NITCH 
and NORRELL, 1973). 

In vivipary, bulbils may be produced as accessory formations in the floral 
axils or branches (e. g. Agave) or instead of flowers (e. g. Allium). The bulbils 
as well as the transformation offlowers into vegetative shoots (as in Poa) propagate 
the diploid female sporophyte. Table 1.2 summarizes the different modes of 
apomictic reproduction. For detailed discussions of apomixis see STEBBINS (1941), 
GUSTAFSSON (1946, 1947a, b), NYGREN (1954), RUTISHAUSER (1967). 

Apomicts may be obligate, in which case heterozygotic genotypes are preserved 
at the cost of evolutionary flexibility. More often, apomixis is facultative, in 
which case apomictic and sexual reproduction coexist. Pollination mayor may 
not be required for the production of functional parthenogenetic seed. Apomictic 
seeds' are of agricultural importance by (1) providing for uniformity in seed 
propagation of rootstocks (e. g. in Citrus, where the sexual seedling is eliminated 

Table 1.2. Modes of apomictic reproduction 

Apomixis 

Agamospermy 
(parthenogenetic seed) 

Gynogenesis 
Androgenesis 

female or male haploid 
gametophyte 

Haploid Parthenogenesis 
! 

New Haploid Sporophyte 

Apospory 
Diplospory 
Adventitious Embryony 

diploid female gametophyte 

Diploid Parthenogenesis 
! 

New Diploid Sporophyte 

Vivipary 

Vegetative Proliferation 
Production of Bulbils, etc. 

female somatic tissue 

1 
Diploid Sporophyte 
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by weakness; CAMERON and SOOST, 1953; or in aposporic mango seed); (2) 
for true-breeding F 1 hybrids (e. g. in Poa, where up to 85 % of the seeds are 
apomicts; BRITTINGHAM, 1943); and (3) for removal of viruses from clones 
of vegetatively propagated plants (e. g. Citrus; CAMERON et aI., 1959). 

1.2.2.3 Distribution of Modes of Reproduction among Cultivated Plants 

As mentioned before, propagation of many economic plants is by asexual repro
duction. Fruit, nut and ornamental trees, shrubs and woody vines are mostly 
clonally propagated, as is sugar cane, agave and pineapple. However, also seasonal 
crops, such as Irish potato, sweet potato, onion, garlic, strawberry, artichoke, 
and many flower crops are clonally propagated by asexual propagules outside 
the floral region or by aseptic micropropagation. In these crops pollination 
may be of importance only in the breeding of new cultivars and for proper 
fruit set. Pollination may become important in some cases of apomictic reproduc
tion where seed development depends on the stimulation by pollination ("pseudo
gamy"). Such stimulation is often by the secondary effect of fertilization required 
for endosperm development. Stimulation of apomictic seed development occurs 
in Citrus spp., Eugenia spp. (adventitious embryony), and in Parthenium argentatum 
(guayule), Rubus spp. (raspberry), Pyrus spp. (apple), some Poa spp. (blue grass), 
as well as a result of interspecific pollination (e. g. in Brassica species crosses). 
In other agricultural plants no stimulation by pollination is required for agamos
permy; Opuntia spp. (prickly pear or tuna-adventitious embryony), Paspalum 
spp. and Poa spp., Simondsia sinensis, Capparis spp. and in some vegetable crops 
(e. g. Taraxacum officinale-Huang-hua tsai). The possibility of genetic manipula
tion of agamospermy as indicated in sorghum and other Gramineae (see TALIA
FERRO and BASHAW, 1966; HANNA et aI. 1970) as well as in some flower crops of 
the Compositae (e.g. Centaurea cyanus = cornflower), opens up the way for stable 
maintenance and mUltiplication of superior hybrid cultivars of field, garden and 
forage crops. For vivipary no stimulation by pollination has been reported for 
cultivated plants, but genetic control is indicated (see MCCOLLUM, 1974). Vivipary 
is found among Agave spp., Allium cepa var. viviparum (top onion), Allium sativum 
(garlic), Allium jistulosum (Welch onion), Poa bulbosa, Festuca spp. and others. 

The distribution of sexual forms of reproduction in about 120,000 species 
in the phanerogamic flora has been cataloged (Y AMPOLSKY and YAMPOLSKY, 
1922): 86% of the species were bisexual (72% hermaphrodite, 7% monoecious 
and 7 % gynomonoecious, andromonoecious or androgynomonoecious), 4 % of 
the species were unisexual (dioecious), and 10 % ~ere both unisexual and bisexual 
(gynodioecious, androdioecious or trioecious). pnisexual forms, predominating 
in animals, are relatively scarce in plants. Gene-flow is enhanced and inbreeding 
is restricted by unisexual forms. Plants, as a consequence of being essentially 
stationary with only passive mobile stages of pollen and seed dispersal, have 
a restricted size of breeding population. Flexible, efficient and economic breeding 
systems have evolved in plants to adapt to a stable or changing environment. 
Bisexuality, coupled with isolation mechanisms of various types, provides greater 
flexibility, efficiency and economy in gene-flow than does unisexuality. Sexually 
polymorphic species, which include both unisexual and bisexual individuals, 
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feature intermediate compromises between flexibility in hybridity and economy 
in gamete waste. 

Among cultivated plants few are sexually polymorphic; in many of the dio
ecious crop plants hermaphroditic or monoecious individuals are produced regu
larly or occasionally in proportions depending on genic and environmental 
factors. Dioecy in economic plants has been reported mainly among perennials 
(Table 1.3); these plants are more or less obligately outcrossing, depending 
on the number and self-compatibility of hermaphroditic or monoecious indivi
duals in the population. 

Rather wide differences may be observed in the breeding behavior of bisexual 
plants. Such differences are caused by genotypical variation within the species 
and by the ecological conditions imposed on the potentially interbreeding popula
tion. Nevertheless, bisexual cultivars (as well as cultivars not entirely uniseXUal) 
may be grouped by their mode of pollination under standard conditions, i. e., 
normal conditions of agricultural practice. Thus, we may classify species or 
cultivars as belonging to inbreeders or outbreeders. Table 1.4 lists largely self-pol-

Table 1.3. Partial list of largely dioecious economic speciesa 

Main pollen 
vector 

Fruit andforest trees Carob Ceratonia siliqua wind 
Date palm Phoenix dactylifera wind 
Fig Ficus carica wasp 
Mulberry Morus alba, M. nigra wind 
Muscadine grape Vitis rotundifolia insect 
Papaya Carica papaya wind and insect 
Persimmon Diospyros spp. insect 
Pistacio Pistacia vera wind 
Pili nut Canarium ovatum insects 
Ash Fraxinus spp. wind 
Box elder Acer negundo insect 
European holly Ilex aquifolium insect 
Poplar Populus spp. wind 
Sea buckthorn H ippophae rhamnoides wind 
Varnish tree Rhus vernicifera insect 
Willow Salix spp. insect 

Range plants Buffalo grass Buchloe dactyloides wind 
Saltbush Atriplex spp. wind 
Texas blue grass Poa arachnifera wind 

Vegetable crops Asparagus Asparagus officinalis insects 
Spinach Spinacea oleracea wind 
Yam Dioscorea spp. ? 

Condiment plants American bittersweet Celastrus scandens ? 
Black pepper Piper nigrum rain 
Hop Humulus lupulus wind 

Industrial crops Hemp Cannabis sativa wind 
Jojoba bean Simmondsia californica ? 

a Nomenclature consistent with UPHOF (1968). 
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Table 1.4. Partial list of normally inbreeding cultivated plants· 

Family 
Botanical name 

Common name 

Compositae 
Bellis perennis 

Daisy 
Callistephus chinensis 

China aster 
Chichorium endivia 

Endive 
Lactuca sativa 

Lettuce 

Graminaceae 

1. Cereals 
Avena spp. 

Oat 

Hordeum vulgare 
Barley 
Barley hybrids 

Oryza sativa 
Rice 

Panicum miliaceum 
Proso Millet 

Sorghum vulgare 
Sorghum 

Triticum spp. 
Triticale 
Wheat 
Wheat hybrids 

Flower characters 

Main 
sex 
typesb 

r;J 

r;J 

r;J 
r;J 
r;J 

Flower 
modificationsC 

partly 
c1eistogamic 

r;J upper fl. usually 
imperfect. 
largely 
c1eistogamic 

r;J many cultivars 
c1eistogamic 

r;J+~(ms) as above 
r;J some cv 

c1eistogamic 
varies 
climatically 

largely 
c1eistogamic 

r;J+~(ms) as above 

2. Forage grasses 
Agropyron trachycaulum r;J 

Slender wheatgrass 
Bromus cartharticus r;J 

Rescue grass 
Bromus marginatus r;J 

Mountain bromegrass 
Bromus mollis r;J 

Soft brome 
Chloris gayana r;J 

Rhodes grass 
Elymus spp. r;J 

Wild rye 
Eragrostis trichoides r;J 

Sand love grass 

mostly 
c1eistogamous 

mostly 
c1eistogamous 

Natural cross
pollination 
percentage and 
predominant 
agentd 

10 (flies) 

15 (flies) 

1-6 (flies) 

data variable 

max.: 10 

(wind) 
as above 
(wind) 

> 10 (wind) 

data variable 
max.: 6 (wind) 

Introduction 

Isolation 
standard 
(Registered 
seed) 
(my 

10 

10 

o 

o 

200 
3 

400 

300 
(400 from 
Sorghum 
sudanense) 

o 

200 

o 

o 

o 

o 

o 

o 



Distribution of Modes of Reproduction among Cultivated Plants 19 

Table 1.4. 

Family Flower characters Natural cross- Isolation 
Botanical name pollination standard 

Common name Main Flower percentage and (Registered 
sex modificationsC predominant seed) 
typesb agentd (m)e 

Hordeum jubatum ~ 0 
Foxtail barley 

Lotium temulentum ~ 
Annual Rye grass 

Setaria italiea 
Foxtail millet 

~ 0 

Sorghum vulgare ~ 0 
var. sudanensis 

Sudan grass 
Stipa spp. ~ 0 

Needle grass 
Leguminosaceae 

1. Seed and Vegetable 
Legumes 

Arachis hypogaea ~ 0 
Peanut 

Cieer arietinum ~ not 
Chickpea specified 

Glycine max ~ 0 
Soybean 

Lens culinaris ~ not 
Lentil specified 

Phaseolus aureus 
Mung bean 

~ 0 

Phaseolus lunatus ~ 0-80 (bees) 45 
Lima bean 

Phaseolus vulgaris ~ 1-8 (bees) 45 
Common bean 

Pisum sativum ~ some cv 0 
Pea up to 25 

Viciafaba ~ > 30 (bees) 
Broad bean 

2. Forage and other 
Legumes 

Crotalaria spp. 
Crotalaria 

~ 

Lathyrus cieera 
Garousse 

~ 

Lathyrus sativus 
Grass peavine 

~ 

Lathyrus tingitanus ~ 
Tangier pea 

Lespedeza spp. ~ partly dependent on 3 
Lespedeza cIeistogamic proportions 

of chasmoga-
mous flowers 
chasmogamous, 
flowers 
exhibit 70 (bees) 
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Table 1.4. 

Family Flower characters Natural cross- Isolation 
Botanical name pollination standard 

Common name Main Flower percentage and (Registered 
sex modificationsC predominant seed) 
typesb agentd (m)e 

Lupinus albus ~ 10 (bees) 
Lupinus luteus ~ 10-25 (bees) 
Lupinus perennis ~ 

Lupine 
M edicago hispida ~ 

Bur clover 
M edicago lupulina ~ 

Black medic 
M elilotus dentata ~ 
M elilotus indica ~ 

Sweet clover 
Onobrychis vicifolia ~ 90 

Sainfoin (Esparcette) 
Phaseolus mungo 

Urd bean 
~ 

Trifolium fragiferum ~ 90 
Trifolium glomeratum ~ 90 
Trifolium procumbens ~ 90 
Trifolium subterraneum ~ 90 

Clover 
Vicia benghalensis ~ 3 
Vicia pannonica ~ 3 
Vicia sativa ~ 3 

Vetch 

Linaceae 
Linum usitatissimum ~ 3 (bees) 0 

Flax 

Malvaceae 

1. Fiber crops 
Gossypium arboreum ~ } pcotandcou" but {' ("'''''''I 400 
Gossypium barbadense ~ staminal column 5-10 (insects) 400 
Gossypium herbaceum ~ facilitates self- 5-20 (insects) 400 
Gossypium hirsutum ~ pollination 5-40 (insects) 400 

Cotton 
Hibiscus cannabinus ~ 2-45 (bees) 

Kenaf 

2. Vegetables 
Hibiscus esculentus ~ 5-20 (insects, 400 

Okra hummingbirds) 
Hibiscus sabdarifJa 

Roselle 
~ 

Rosaceae 
Prunus armeniaca ~ some cultivars 

Apricot self-incompatible 
Prunus persica self-incompatible 

Peach and Nectarine r} 
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Table 1.4. 

Family Flower characters Natural cross- Isolation 
Botanical name pollination standard 

Common name Main Flower percentage and (Registered 
sex modificationsC predominant seed) 
typesb agentd (m)e 

Rutaceae 
Citrus spp. many cv 

Citrus apomictic 

Pedaliaceae 
Sesamul11 indicum ~ protandrous about 5, some cv acc. to cv 

Sesame up to 65 (bees) 180-360 

Solanaceae 
C apsiculIl aJ1lJUWll ~ 5-10 (bees 30 

and thrips) 
Capsicum ji'tltescens 7-36 (bees 

Pepper ~ and thrips) 
Lycopersicol1 esculentulI1 ~ protogyneous, < 2 (solitary 30 

Tomato but pendant bees and thrips) 
flower and anther 
cone facilitate 
self-pollination 

Nicotiana rustica 
Nicotiana tabacum 

Tobacco 
Solanum melongena 

Eggplant 
Solamlln tuberosul1l 

Potato 

2-3 (hummingbirds, 50 
bees) 

Umbelliferae 
Apium graveolells 

Celery 
Pastinaca sativa 

Parsnip 

Vitaceae 
Vitis vinif'era 

Grape 

many cv 
produce non
functional pollen 

protandrous 

some cv partly 
or fully self
incompatible 

7 (insects) 

30 (insects) 

30 ( insects) 

a Nomenclature largely consistent with UPHOF (1968). Table compiled from various sources 
(e.g. SPECTOR, 1956; FRYXELL, 1957; ALLARD, 1960; JOHNSON, 1962). 

b For definition of symbols, see Fig. 1.5. 
C For definitions, see Table 1.1. cv = cultivar, fl. = flower. 
d Percentage reported under average conditions with own pollen competition. 
C Standards set mainly by the Association of Official Seed-Certifying Agencies, 1973 for 

registered seed. 
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linated economic plants. Most of these feature less than 5 % cross-pollination 
under average agricultural conditions; a few of them consistently show a certain 
amount of natural cross pollination (NCP), which is normally less frequent 
than self pollination. An indication of the degree of crossbreeding may serve 
reported ranges ofNCP and the specific standard levels of isolation requirements 
for certification of seeds by the U. S. Association of Seed-Certifying Agencies. 
Standard levels are aimed at the maintenance of specific genetic purity and 
identity and graded to classes of seed. Defined standards for the third seed 
class ("Registered" seed, which is the progeny of "Breeder" or "Foundation" 
seed) are given in Tables 1.4 and 1.5, for self-pollinated and cross-pollinated 
cultivated plants, respectively. Some relevant details of pollination ecology are 
also given in the tables. 

Table 1.5. Partial list of normally outbreeding, bisexual, cultivated plantsa 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vectore polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesb cations' centagef (m)g 

Annacardiaceae 
M angifera indica o·~ some S.l. flies 

Mango pseudo- or 
gamic S.C. 
apomixis 

Annonaceae 
Annona cherimola strongly beetles 

Cherimoya F-PG 

Bromeliaceae 
Ananas comosus S.l. humrning-

Pineapple birds 

Chenopodiaceae 
Beta vulgaris F-PA wind 

Sugar beet } S.c. 
Fodder beet +S.l. 
Red beet 
Swiss chard S.l. 

Chenopodium quinoa wind 
Quinoa 

Compositae 

1. Oil crops 
Carthamus tinctoria S.c. bees 5-90 

Safflower 
H elianthus anl1US F-PA variable bees 20-75 800 

Sunflower S.l. 

2. Vegetable and 
garden crops 
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Table 1.5. 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vector" polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesh cationsc centagef (m)!! 

Chrysanthemum spp. c} S.1. various 
Chrysanthemum insects 
Pyrethrum 

Cichorium intybus c} S.1. 
Chichory 

Dahlia rosea c} S.I. 
Garden dahlia 

Helianthus tuberosus c} 
Jerusalem artichoke 

Convolvulaceae 
Ipomea batatas 

Sweet potato 
c} F-PG S.1. bees 

Corylaceae 
Corylus spp. d·~ dicho- S.1. wind 

Hazelnut (filbert) gamous 

Cruciferaceae 
Brassica spp. 

Broccoli 
Brussels sprouts S.1. bees 
Kale S.1. bees 
Kohlrabi S.I. bees 
Mustard S.1. or bees 

S.C. 
Chinese cabbage S.1. bees 
Cabbage S.I. bees 
Collard S.I. bees 
Colza S.1. bees 
Cauliflower S.1. bees 
Rape S.c. bees >10 40 
Rutabaga S.c. bees >25 
Turnip S.1. bees 

Crambe maritima 
Sea kale 

c} S.1. bees 200 

Raphanus sativus c} S.1. or bees >85 
Radish S.c. 

Cucurbitaceae 
Citrullus vulgaris d·c} S.c. bees 800 

Watermelon or 
d·~ 

Cucumis melD d·c} P-PA S.C. bees 0-100 
Melon or 

d·~ 
Cucumis sativus d·~ P-PA S.c. bees 70 

Cucumber or 
Q 
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Table 1.5. 

Family Flower Com- Main Natural Isolation 
Botanical name characters pat i- pollen cross- standard 

Common name bilityd vectore polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesb cations C centagef (m)g 

Cucurbita spp. 0·<;' S.c. bees 
Pumpkin 
Winter squash 
Marrow 
Gourd 

Euphorbiaceae 
Aleurites montana 0·<;' predo- insects 

Tung tree minanting 
male or 
female 
indivi-
duals. 
P-PG 

H evea brasiliensis o·g S.l. or midges 
Rubber tree S.c. 

M anihot esculenta 0·<;' P-PG insects 
Cassava, manioc 

Ricinus communis 0·<;' P-PG wind 
Castor bean 

Fagaceae 
Castanea spp. 0·<;' S.l. insects 

Chestnut 
Quercus spp. 0·<;' Plant wind 

Oak dicho-
gamous 

Graminaceae 

1. Cereals 
Secale cereale ~ S.l. wind 200 

Rye 
Zea mays 0·<;' wind 200 

Corn 

2. Forage grasses 
Agropyron cristatum 
Agropyron desertorum 
Agropyron e/ongatu111 
Agropyron intermediu111 ~ S.l. wind 90 
Agropyron repens 
Agropyron smithii 
Agropyron trichophorum 

Wheat grasses 
Agrostis alba ~ S.l. wind 90 

Redtop 
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Table 1.50 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vectore poll i- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesb cations C centagef (m)g 

Andropogon furcatus }~ wind 90 Andropogon scoparius 
Blue stem 

Arrhenatherum avenaceum ~ wind 10 
Tall oat grass 

}~ Bouteloua curtipendula some 90 Bouteloua gracilis forms 
Grama apomictic 

Bromus erectus ~ Sol. wind 90 
Bromus inermis ~ Sol. or 

Soc. 
Bromus pumpellianus ~ 

Brome grass 
Cynodon dactylon ~ wind 90 

Bermuda grass 
Dactylis glomerata ~ Sol. or 

Orchard grass Soc. 
F estuca elatior }~ facul- Sol. or 
F estuca rubra tative Soc. 

Fescue apomictic 
Lolillm italicllm ~ Sol. wind 
Loliwn perenne 

Ryegrass 
Panicum virgatum ~ facul- wind 90 

Switchgrass tative 
apomictic 

Paspalum notatum ~ facul- Sol. 500 
Bahia grass tative 

apomictic 
Pennisetum glaucum ~ Sol. or 

Pearl millet Soc. 
Phalaris arundinacea ~ Sol. wind 90 

Red canary grass 
Phleum pratense ~ Sol. wind 90 

Timothy 

Iridaceae 
Freesia sppo ~ Sol. bees 

Freesia 
Gladiolus sppo ~ Soc. 

Gladiolus 
Iris sppo ~ Soc. 

Iris 

J uglandaceae 
Carya pecan 0 09 variable Soc. wind 

Pecan plant dicho-
gamous 
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Table 1.5. 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vectore polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesb cations" centagef (m)g 

Juglans regia 
Walnut ch;> P-PA S.c. wind 

Labiaceae 
Mentha piperita ~ flies 

Peppermint 
Origanum vulgare ~ flies 

Marjoran 
Rosmarinus ofJicinalis ~ bees 

Rosemary 

Lauraceae 
Persea spp. 

Avocado 
~ P-PG S.L bees 

Leguminosaceae 

1. Seed and vegetable 
legume 

Cajanus indicus ~ S.c. honey 13-65 
Pigeon pea bees 

Phaseolus coccineus r} S.c. honey >30 
Scarlet runner and 

bumble 
bees 

2. Forage legumes 
Lotus corniculatus r} S.L honey >90 

Trefoil bees 
M edicago sativa ~ S.L or honey >80 90 

Alfalfa S.C. bees 
Trifolium alexandrinum }, Trifolium hybridum 

mostly bees >90 Trifolium pratense 
Trifolium repens S.l. 

Clover 

Liliaceae 
Allium cepa ~ P-PA S.c. bees 93 800 

Onion 
Allium porrum r} bees 

Leek 
Allium schoenoprasum ~ S.L bees 

Chive 
Lilium spp. ~ S.L 

Lily 
Tulipa spp. ~ mostly 

Tulip S.l. 
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Table 1.5. 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vectore polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesh cations C centagef (m)g 

Myrtaceae 
Eucalyptus spp. 

Eucalyptus, gum 
~ P-PA S.l. bees 

F eijoa sellowiana ~ S.l. or bees 
Feijoa S.c. 

Psidiul1l guajava ~ S.C. bees 35 
Guava 

Oleaceae 
Fraxinus spp. d·c;> wind 

Ash 
Olea europaea d·~ some cv wind 

Olive S.l. 

Palmaceae 
Cocos nucifera d·c;> P-PA wind acc. 

Coco palm and to cv 
insects 

Elaeis guineensis d·c;> 
Oil palm 

Pinaceae 
Abies spp. d·c;> wind 

Fir 
Larix spp. d·c;> wind 

Larch 
Picea spp. d·c;> S.C. wind 

Spruce 
Pinus spp. d·g wind 

Pine 
Pseudotsuga l1lenziesii o·c;> S.l. 

Douglas fir 

Piperaceae 
Piper nigrul1l 

{i' } Black pepper P-PG rain 

d+C;> 
Proteaceae 

Grevillea robusta 
Silk oak 

~ 

Macadamia ternifolia d partial 
Macadamia nut S.C. 

Rosaceae 
Fragaria spp. ~ F-PG S.C. bees 

Strawberry or 
~.c;> 
or 

c;> (ms) 
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Table 1.5. 

Family Flower Com- Main Natural Isolation 
Botanical name characters pati- pollen cross- standard 

Common name bilityd vector" polli- (Regi-
Main Flower nation stered 
sex modifi- per- Seed) 
typesb cationsC centagef (m)'! 

PrwllIs spp. r;J bees 
Almond S.1. 
Cherry S.1. 
Plum S.1. or 

S.c. 
Pyrus spp. bees 

Apple S.c. or 
S.1. 

Pear S.C. or 
S.1. 

Rosa spp. r;J S.1. 
Rose 

Rubus bees 
Blackberry 

d '" 
S.L 

Raspberry r;J S.c. 

Rubiaceae 
Coffea arabica r;J S.c. insects 7-90 

Coffee and 

Solanaceae 
wind 

Atropa belladonna r;J fl. 
Belladonna dicho-

gamous 
Petunia h\'brida r;J largely 

Petunia S.L 

Sterculiaceae 
771eobro11la cacao S.L or midges >30 

Cacao S.C. and 
ants 

Theaceae 
Camellia sinensis S.L insects 

Tea 

Umbelliferae 
Dauctts carota r;J F-PA S.c. bees 

Carrot 
Petroseliul1J hortense r;J 

Parseley 

a Nomenclature largely consistent with UPHOF, 1968. Table compiled from various sources 
(e.g. SPECTOR, 1956; FRYXELL, 1957; ALLARD, 1960; JOHNSON, 1962). 

b For definition of symbols, see Fig. 1.5. 
C For definitions see Table 1.1. cv = cultivar; fl. = flower; F-PG = flower protogyneous; 

P-PG=plant protogyneous; F-PA = flower protandrous; P-PA=plant protandrous. 
d S.1. = self-incompatible; S. C. = self-compatible. 
" Most common and effective pollinating agent. 
f Reported percentage under average conditions with own pollen competition. 
g Standards set mainly by AOSCA, 1973. 
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1.3 Ecology and Dynamics of Pollination 

Two dispersal units exist in higher plants: the pollen grain which is a microspore 
with a resistant outer cover, and the seed, constituting an arrested stage of 
a young sporophyte. In contrast to animals and most lower plants, dispersal 
units of higher plants are nonmotile. Moreover, if we disregard motion provided 
by anthers or stigmas on touch (e. g. "tripping" in legumes), or by the release 
of tensile strength of certain fruit structures, all energy required for dispersal 
after the release of pollen or seed as discrete units must be provided by external 
agents. Vectors for dispersion may be abiotic or biotic. Resistance to dry conditions 
is required to insure the survival of pollen and seed of terrestrial plants during 
the mobile phase of dispersion. The biological function of pollen and seed 
as dispersal units depends on germination and growth in a proper ecological 
niche. For seeds this niche is relatively broad and gravity provides for a consistent 
tendency to reach this niche, although longevity in semidormant conditions 
may be required to bridge periods of unfavorable milieu at that niche. Pollen 
function, on the other hand, depends on a much restricted and much more 
specific ecological niche-the compatible and receptive surface of the ovule. 
It follows that economical transfer of pollen requires extreme precision. Longevity 
of pollen is much less important than precision of transfer. Thus, the evolution 
of pollination mechanisms must be viewed in the light of functional efficiency 
of pollination syndromes, built of coadapted specificities of flowers and pollen 
vectors. For a recent and detailed discussion of pollination syndromes and 
ecology, the reader is referred to the books by F AEGRI and VAN DER PUL 
(1971) and PROCTER and YEO (1973). 

The basic breeding behavior of higher plants depends on the pollination syn
drome. STEBBINS (1970) discussed the evolutionary aspects of these syndromes and 
concluded that "the diverse floral structures and pollination mechanisms in angio
sperms represent a series of adaptive radiations to different pollen vectors and 
different ways of becoming adapted to the same vector". However, in cultivated 
plants in particular, superimposed on the normal pollination syndromes are a 
variety of interacting factors modifying the basic pollination dynamics and 
breeding behavior (Fig. 1.6). 

Fig. 1.6. Factors in pollination dynamics of 
cultivated plants 

1.3.1 Specificity of Flowers and Pollen 

Mass Effects 

I Competition Effects 

location Effects 

eli matic Effects 

I 
Timing Effects 

The adaptation to different pollen vectors is expressed by structural, spectral 
and olfactorial floral specificities. The functional relation of the diverse characters 
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to the vectors can be attributed to the type of the vector-whether involuntary, 
as are abiotic and unspecialized biotic vectors, or voluntary, i. e. specialized 
animal vectors. 

Adaptation to voluntary specialized vectors is based on a multiformity of 
stimuli (providing attractiveness, as well as on structural and proportional morpho
logy) providing for efficient vector approach, pollen reception and pollen deposi
tion. Specialized animal vectors are stimulated by the provision of food and 
shelter and perhaps by sexual attraction. Food comes mainly in the form of 
pollen and nectar. The flower may serve as a refuge or as a breeding site 
for insect pollinators (e.g. for Blastophaga wasps in Ficus). Insect behavior resem
bling "pseudocopulation" of males has been observed with some orchid flowers 
imitating the female. Identification of, and discrimination between flowers by 
animal vectors is based on odor or visual attraction. Visual attraction is due 
to color, shape, texture, location and movement of flowers. F AEGRI and VAN 

DER PUL (1971) summarized some of the "harmonic" relations between flower 
morphology, flower color and the voluntary pollination vector (Table 1.6). 

Table 1.6. "Harmonic" relations between pollinators and blossoms (after F AEGRI and VAN 
DER PUL, 1971) 

Structural 
blossom class 

Pollinator 

Dish bowl """"""------ Beetles 

Bell beaker 

Brush 

Gullet 

Flag 

Tube 

Wasps 

Flies 

Bats 

Bees 

Moths 

Butterflies 

""""'--------'=- Birds 

Color preference 
(human perceptive 
light) 

Brown 

Drab 

White 

Yellow 

Blue 

Red 

Green 

Color preference is largely subject to the spectral range of the pollinator's 
light perception (in bees, between 300 and 650 nm-thus including UV and 
excluding red), whereas blossom class preference relates to easy approach of 
the vector. 

Adaptation to abiotic and involuntary, unspecialized animal vectors is based 
mainly on the physical characteristics of the pollen, the exposure of the pollen 
to the dispersal agent, the pollen-catching capability of the stigmatic surface, 
and a high ratio of male to female gamete production. Physical characteristics 



Biotic Vectors 31 

of pollen are boyancy, adherence and stickiness. Flowers usually are small, 
with perianths insignificant or lacking. 

1.3.2 Pollen-Dispersal Agents 

Pollination, in most cases, is not carried out exclusively by one single agent. 
The origin of flower specificities of the species must be related to the most 
efficient pollen-dispersal agent present in the region it is evolving. The process 
of evolutionary floral modification may be retarded by the presence of secondary 
dispersal agents (STEBBINS, 1970). Furthermore, biotic pollen-dispersal agents 
may undergo parallel evolutionary adaptations to structural, spectral and olfacto
rial flower specificities (BAKER and HURD, 1968). Joint pollen vectors can be all 
biotic or both biotic and abiotic. Cooperating biotic vectors may be all specialized 
to different degrees or both specialized and un specialized. However, normally 
we find one of the vectors predominant. Gymnosperms feature primarily abiotic 
pollination and biotic pollination is a derived condition. On the other hand, 
in angiosperms biotic pollination is most common and abiotic pollination is 
considered a derived condition. 

1.3.2.1 Biotic Vectors 

Anthophily can be found among a large number of insects, and some small 
vertebrates are also anthophilous (Table 1.7). 

Table 1.7. Biotic pollination syndromes in cultivated plantsa 

Vectors Syndrome Crops: 
term Examples of families or species 

Order Common 
name 

Coleoptera beetles Cantharophily Cucurbits, pyrethrum, mango 
Hymenoptera sawflies Symphytophily Umbelliferae, Roseceae, yellow-

flowered Compositae 
wasps Vespophily Figs, gooseberry, alfalfa, carrot 
ants F ormicophil y U m belliferae 
bees Melittophily numerous-see Table 1.5 

Diptera flies Myophily Onion, 'carrot, blackberry 
Lepidoptera butterflies Psychophily Rubus, aster, clovers 
Lepidoptera moths Palaenophily Clovers, Dianthus, tobacco 
Neognathae birds Ornithophily Pineapple, eucalyptus, strelitzia 
Chiroptera bats Chiropterophily Kapok, banana, agave 

a see also Table 1.5. 

Not all anthophilous animals are effective pollinators. Mutualistic systems 
of flowers and biotic pollen vectors are governed by energy needs and stimulus 
of the vector, and by the precision and efficiency of pollen transfer. In other 
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words, anthophilous animals of pollination syndromes relate to specific ecological 
conditions providing for an optimal energy budget. Thus, we may contrast 
the low energy system of the ant-pollination syndrome, present primarily with 
plants featuring small inconspicuous flowers, offering limited amounts of nectar 
in hot and dry habitats (HICKMAN, 1974), to the high energy system of the 
bird-pollination syndrome found primarily with tropical plants having conspi
cuous, vividly colored flowers offering large amounts of nectar per flower (GRANT 
and GRANT, 1968). 

Insects are the predominant biotic pollen-dispersion agents; primitive insects, 
like beetles, developed before flowering plants. Since plant products form the 
major food of most insects, un specialized entomophily was established early 
in the evolution of flowering plants. Specialized pollinators, like bees, evolved 
concurrently with flowering plants and developed more and more the ability 
to perceive and discriminate between floral specificities. Flower discrimination 
is important, since efficient pollination depends on successive flower visits and 
flower type constancy of the pollinator. The incentive for such a type of pollinator 
activity is based on profitability. The amount of reward per flower must be 
sufficient to justify a visit, but not be so extensive as to limit successive flower 
visits. Figure 1.7 illustrates "the point of view of bees" for profitability of foraging 
for pollen as conceived by DOULL (1970). Similar regulatory models could be 
made for other stimuli and other specialized pollinators. 

Rate of Brood Rearing ;:~====~> Pollen Requir(>ments 

t 
Poll(>n Stores 

Degree of Reinforcemet 
or Inhibition 

Fig. 1.7. A model for profitability of foraging for pollen (after DOULL, 1970) 

Efficient insect pollination is of utmost importance in fruit or seed production 
of crops like safflower, sunflower, alfalfa, many clovers, crucifers, carrot, onion, 
cucurbits, and self-incompatible fruit trees. Among insect-pollinated forest trees, 
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maple, chestnut, eucalyptus, willow, linden, magnolia and catalpa should be 
mentioned. Thorough insect pollination at an appropriate time is very often 
a prerequisite for agricultural success. Early, uniform and concentrated yields, 
but also quality of fruits (e. g. strawberry, melon), depend on full fertilization 
of an optimal number of ovules with the help of abundant vector activity. 

Entomophily in cultivated plants has been subject to extensive research acti
vity. For a thorough review of insect pollination in crops, the reader is referred 
to a recent work of reference by FREE (1970). Entomophilous crops are character
ized by large or grouped flowers and conspicuous perianths; often, petals are 
colorful and with nectar guide marks; nectaries and scent are often present; 
pollen grains are relatively large (75-150 microns), sticky and oily, often in 
tetrads, with an ornamented surface, and are not carried by air currents. Although 
flower constancy of insects would be encouraged by hermaphrodite flowers, 
some entomophilic crops are monoecious (e. g. squash and cucumber) or even 
dioecious (e. g. fig and asparagus). 

Bees (Apidae) in general, and social bees in particular, are the most important 
pollinators for cultivated plants. Bees are the most specialized pollen vectors 
and depend almost entirely on the pollen and nectar of flowers. The mutual 
adjustment of flower phenology and dynamics of bee populations has been 
well documented not only for honeybees (see FREE, 1967), but also for bumble 
bees (see MACIOR, 1970). 

Melittophily is a very efficient pollination system and the most important 
one for cultivated plants. A honeybee may visit 100 flowers per trip and carry 
an estimated load of 5 million pollen grains (about 20 mg). The same bee 
may make 5 to 10 trips a day involving visits to different species, but remaining 
flower-constant in every single trip. An average honeybee hive may be responsible 
for 4 million trips a year, and gathering about 2 kg of pollen. Honeybee populations 
can be artificially managed much easier than other bees and hence are of utmost 
importance as agricultural pollinators. Bumble bees may be even more efficient 
pollinators than honeybees, since they work faster and for longer hours, and 
carry greater loads of pollen. The occurrence of solitary bees is often temporary 
and localized because it is regulated by the "flower calender" of the adapted 
host plant. Cross-pollination vectors for the production of uncontaminated seed 
in enclosures is often needed. In large cages or greenhouses, honeybees can 
be used, but confinement of honeybee colonies in small enclosures is difficult 
to manage. Bumble bees or even solitary bees (e. g. the leaf cutter bee, M egachile 
rotundata) may work better in small enclosures. 

The management of insects other than bees is sometimes of importance 
in agriculture. Thus, only the introduction of the appropriate Blastophaga wasps 
from the Mediterranean area to California made it possible to grow Cali myrna 
figs there. Cross-pollination in enclosures of onion, carrots and brassicas has 
been facilitated by artificially bred flies, in particular blow flies. Ants may be 
proposed as artificial cross-pollination vectors in enclosures or other isolations 
for plants like bell peppers, legumes, carrots and cacao. 

Very few cultivated plants are pollinated primarily by vertebrate vectors 
although vertebrates, and in particular flying vertebrates such as birds and 
bats, constitute primary pollinators for about 20 % of the tropical flora. A large 
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number of agricultural pests serve as involuntary biotic pollen vectors and 
often become of importance in pollination; these may include thrips, aphids, 
grasshoppers, moths and even squirrels, rats and other mammals. 

1.3.2.2 Abiotic Vectors 

The three abiotic agents for pollen transfer are gravity, air movement and water 
movement. Gravity transfer is confined to one dimension, and hence ordinarily 
results in autogamy. Pollen dispersal by air movement is three-dimensional 
and known as "wind-pollination" or "anemophily." Pollen dispersal by water 
movement may be two-dimensional, when taking place on water surfaces, or 
three-dimensional, when mediated by volumes of water or by raindrops; it 
is known as "water-pollination" or "hydrophily". All abiotic pollination 
mechanisms are random in nature, but structural adaptations of flowers and 
pollen and of plant populations have evolved to increase the efficiency of the 
random pollen-transfer process. 

Anemophily is based on an indiscriminate, inefficient dispersal mechanism, 
and hence requires very large amounts of pollen to insure proper pollination. 
If a stigmatic surface is one square millimeter, then 1 million pollen grains distri
buted evenly over a area of 1 square meter are required for reasonable success 
in fertilizing a single ovule. The potency of the mechanism is further modified 
by the caprice of air movement, depletion of pollen grains in the atmosphere 
by filtration or washout by raindrops, and by the steep gradient in pollen 
dispersion density in relation to distance from the pollen source. Prerequisite 
for anemophily are conditions conducive to pollen transport toward appropriate 
distances. Such conditions may be present in open and dry habitats. Consequently, 
anemophily is frequently found in deciduous forests, in prairies, and in savannas
but not in tropical rain forests. The mechanism is independent of the occurrence 
and behavior of biotic vectors and thus may have been established as a response 
to the absence of biotic pollinating agents. Among wind-pollinated forest trees 
are gymnosperms (fir, lark, spruce, pine, etc.) and several deciduous trees (ash, 
oak, poplar, birch). Many nut trees are wind-pollinated (hazelnut, pecan, walnut). 
Wind-pollination is the dominant pollination mechanism in Gramineae, beet, 
castor bean, olive and date. Evolutionary and environmental considerations 
of wind-pollination have been presented by WHITEHEAD (1969). 

If we disregard inconsistencies of atmospheric circulation and pollen density 
gradients, efficiency of anemophily may be expressed by the rough equation: 

.. stigmatic surface 
effectIve pollen grams = total pollen output x I 11 fi1 . 

tota po en 1 tratlon area 

It follows that if total pollen output per ovule is increased, efficiency is 
increased. As a matter of fact, anemophilous plants are very prolific pollen 
producers: a floret of rye produces more than 50,000 pollen grains, a hazelnut 
catkin nearly 4 million pollen grains, and a ragweed something of the order 
of 8 billion pollen grains per day. However, gametic waste as compensation 
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for inefficiency of the pollination mechanism is evolution-wise not a desirable 
feature. Other compensating devices have evolved in anemophiles taking advan
tage of the aerodynamics of pollen transport and capture ability of stigmatic 
surfaces. Variables that control dispersal of pollen through and above the vegeta
tion, as well as the pollen filtration by obstacles, and pollen deposition on 
receptive stigmas, have been studied in detail (see GREGORY, 1961; TAUBER, 
1967). For a discussion of the effective atmospheric pollen depletion by rain 
(the "rain-scavenging process"), see McDoNALD (1962). 

Several types of adjustment of pollen-releasing and -collecting structures 
account for increased potency of wind-pollination. Enlarged, ornated, featherlike 
stigmas (e. g. in grasses) function as effective pollen filtration grids and the 
number of ovules per stigma is one or a few (e. g. hazelnut, grasses). The inert 
pollen filtration area is decreased in anemophiles by reduced perianths, exposure 
of flowers above or outside the leaf canopy, flowering before leaves come out, 
and reduction of leaf surfaces. Several pollen-releasing adjustments, such as 
anther exposure by long filament, explosive pollen dispersal into a strong wind 
(e.g. in pistacio and castor beans), and regulation of pollen dispersal by arresting 
devices adapted to proper wind force (e. g. in grasses and gymnosperms), decrease 
pollen waste. Anther dehiscence ordinarily is regulated to coincide with dry, 
relatively hot weather, conductive to effective wind and proper pollen germination 
on the stigma (e.g., in ragweed; see PAYNE, 1963). 

Since the concentration of airborne pollen in the neighborhood of dehiscent 
stamens is very high, stigmas close to the stamens would be covered profusely 
with their own pollen; this is not only a waste of pollen but also decreases 
the opportunity to achieve cross pollination. Thus, wind-pollinated plants tend 
to have the sexes in separate flowers (dioecious or monoecious plants) or are 
dichogamous (hermaphrodite plants). 

In contrast to the sticky, ornamented pollen of entomophilous species, pollen 
of anemophiles has a smooth, dry surface. Thus, grains are dispersed singly 
and not in groups. Buoyancy of pollen depends also on size and weight. Pollen 
comes generally in sizes between 2.5 micron (Ficus purmila) and 250 micron 
(squash) in diameter. Windborne pollen is usually smaller than pollen carried 
by insects-in angiosperms between 10 and 25 microns and in the conifers 
between 30 and 60 microns. The optimal size depends on a compromise between 
the dispersal range of pollen and the trapping efficiency of stigma. In this respect, 
adjustment such as airsacs in windborne pollen grains can be considered a 
solution for increasing size for trapping efficiency without loss of buoyancy. 

Water pollination is relative rare. In aquatic plants, surface pollination, i. e., 
movement of pollen or pollen-bearing structures on the water surface, is found 
in some dioecious plants (Elodea, Vallisneria). Pollen dispersed by means of 
volumes of water (submerged hydrophily) is less common. In terrestrial plants, 
among them a few cultivated ones, hydrophily is due to rain. A prerequisite 
for rain pollination is water-repellent or water-insensitive pollen. In anemones 
(Ranunculus), rain pollination leads to autogamy by filling the erect perianth 
with water raising the floating pollen grains to the level of the stigma. In other 
plants, raindrop splash and wind may achieve allogamy. Thus, in black pepper 
(Piper nigrum) rain breaks up the glutinous masses of pollen in flowers lacking 
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perianths, and the stigmas are constructed to strain pollen from water (MARTIN 
and GREGORY, 1962). The breeding behavior of black pepper is modified by 
protogyny in hermaphrodite cultivars or by monoecy and dioecy found in other 
cultivars. 

1.3.3 Timing and Climatic Factors in Pollination Dynamics 

Climatic variables such as wind, rain, air humidity, temperature, light intensity 
and spectral quality, are the triggers for the timing of flowering in plants and 
for pollen vector activity; their time constancy or change, the abrupt or gradual 
variability and the diurnal and seasonal periodicity, are the major factors determin
ing the effective flowering period. 

Flowering in plants may be continuous, seasonal or gregarious. The inherent 
flower-bearing characteristics depend on the plant-specific location of flowering 
buds. Buds may be located terminally or laterally on the main or on the side 
axis of the plant. Thus flowers are either terminal and on the main axis in 
plants such as wheat or pineapple, or terminal and on the side axis in plants 
such as in apple and determinate tomatoes. Flowers are either lateral and on 
the main axis in plants such as in coconut and date palm, or lateral and on 
the side axis in plants such as cucurbits and almond. The initiation and develop
ment of flowering buds, as well as the anthers of flowers, are subject to various 
environmental variables. Among the important variables influencing timing of 
flowering are light (photoperiod, light intensity and quality), temperature (thermo
period, temperature extremes), moisture supply (soil moisture level and regime, 
atmospheric relative humidity) and nutrient supply (in particular nitrogen). Agri
cultural practices such as pruning, training, grafting, planting density, and chemical 
treatments (growth regulators) influence flowering. 

Continuity of flowering can be due to constancy of environmental conditions 
(constancy of day length at equatorial regions) or insensitivity to environmental 
fluctuations. Most commonly we can recognize seasons of flowering which can 
be related by fluctuations of the various variables mentioned. Flower-inducing 
conditions in perennials may exist only once a year, when the dominant factors 
such as a certain sequence of light and temperature occur just once or twice 
a year in response to equal daylength and temperature in spring and fall. Cyclic 
or alternating flowering may occur as a consequence of growth flushes or overbear
ing (e. g. in fruit trees). Gregarious flowering, terminal in the life cycle of a 
plant, is common in quite a number of perenni~l plants (e.g. sisal, bamboo). 
Most annuals go through a vegetative stage of growth before conditions are 
right to induce single or successive flowering periods. 

Cross-pollination can be achieved only by synchronization of flowering of 
the pollen donor and pollen receptor. The chronological adjustment of pollen 
shedding and stigma receptivity is termed "nicking" by plant breeders and hybrid 
seed producers. Nicking depends on a variety of timing devices (Table 1.8). 
Exact coordination of pollen shedding and stigma receptivity is facilitated by 
the prolongation of the effective flowering period. A sequence of events must 
be synchronized to achieve pollination: flowers must be open -*anthers must 
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Table 1.8. Timing effects in pollination dynamics 

Anthesis 

Flowering period 
Diurnal timing 
Persistence in single flowers 

Genetic dichogamy 

Interval of sex separation 
Diurnal separation of sexes 
Overlap in maturity of sexes 

Anther dehiscence and pollen supply 

Duration of dehiscence in single flowers 
Duration of pollen discharge in single flowers 
Diurnal timing of pollen release 
Pollen longevity 
------------------------

Pollen vector activity 

Seasonal activity 
Calendar overlap of competitive flowers 
Diurnal activity in correspondence with stimulus presentation 

Stigma receptivity 

Persistence in single flowers 
Diurnal timing 
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release pollen ---+ pollen vectors must be active ---+ stigma must be receptive ---+ pollen 
must be capable of germination and fertilization. 

Anthesis brings about exposure of anthers and stigmas to pollen vectors. 
The flowering period is the length of time a population of flowers maintains 
exposed anthers and stigmas. Flowers ordinarily open and close at definite 
hours. Such diu1'11at timing of anthesis ("floral clock") may be synchronized 
with pollen vector activity: the bat-pollinated kapok tree (Ceiba' pentandra) 
flowers for 15 h during the night (between 1700 and 0800 h), whereas the insect-pol
linated night-blooming cactus, Setenicereus. grandi/torus, flowers for only 6 h 
(between 2000 and 0200 h). The flowers of most crop' plants open during the 
early morning and stay open for various lengths of time (e. g. castor bean-4 h, 
lettuce-5 h, potato-8 h, cotton-1 0 h, cabbage-14 h). The exact hour of flower 
opening is subject to weather conditions and sometimes also to the age of 
the flower. Thus, in Viciafabafresh flowers open at 1600h, one-day-old flowers 
at 1300 h, and 2-day-old flowers at 1100 h (SYNGE, 1947). In the dichogamous 
coffee plant rainfall triggers flower opening on alternate days only. 

Persistence of a single flower varies with species. Single flowers may persist 
for only one day ("ephemeral flowers"), such as in portulaca and many anemophi
lous plants. Single flowers of poppy, flax and raspberry faoe after 2 days, others 
persist for a few days (pepper, cotton, apples). In a few plants flowers persist 
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for longer periods (in cranberry about 20 days and in some orchids up to 
80 days). In general, flower persistence is shorter in plants producing abundant 
pollen (anemophiles, poppy, portulaca) than in plants producing moderate or 
small amounts of pollen (insect-pollinated plants with relatively small numbers 
of anthers per flower). 

Genetic dichogamy, based on temporal separation in the function of sexes, 
is another factor in pollination dynamics. Temporal separation is often found 
reinforced by spatial separation of the sexes, such as by dioecy, monoecy or 
heteromorphy. The significance of the interval of sex separation, i. e., the time 
interval between the maturation of the two sexes, depends not only on the 
length of the interval but also on the sequence (protandry or protogyny). In 
protandrous plants such as cucurbits, coconut, cherimoya and gerbera, the interval 
of about 5 days may easily be bridged by overlap of maturity in consecutive 
flowers or by pollen longevity. Protogyny found in many anemophilous forest 
trees, hemp and date palm pays for cross-fertilization by the loss of the first 
flowers. In agricultural practice pollen must sometimes be stored for a whole 
year to assure fruit set in protogynous plants (e. g. date palm). Dichogamy 
is sometimes due to diurnal separation of sexes. Thus, the pollen-stigma maturation 
schedule in the hermaphrodite cacao flower, based on a 12-h interval, insures 
cross-pollination between plants with matching maturation schedules only. A 
similar situation is encountered in the protogynous avocado (see Fig. 1.8); varieties 
are classified according to schedule A (flowers open on the morning of the 
first day, then close, and reopen in the afternoon of the following day) or 
schedule B (flowers open in the afternoon of the first day, then close, and 
reopen on the following morning). 

Schedule A-------

Schedule B --- ---

Q_m. p.m. Q.m. p.m. 

Fig. 1.8. Stigma-pollen matura
tion schedule and pollination in 
Avocado 

Chronological adjustment of anther dehiscence and pollen supply to vector 
activity and stigma receptivity are an additional requirement for effective pollina
tion. The duration of dehiscence in single flowers differs. Anthers in individual 
flowers may all dehisce simultaneously in the closed bud (as in most legumes) 
or at the time the flowers open (as in black currant, cabbage, pumpkin, com). 
Anthers in individual flowers dehisce successively within 2 days in radish, within 
about 3 days in cherry, plum, apricot and apple, within about 7 days in 
pear, and up to 9 days in raspberry (PERCIVAL, 1955). Pollen is released mostly 
passively, through openings such as splits along the longitudinal grooves of 
the anther, transverse cracks, pores near the end of the locules, or apertures 
on one side of the anther which are closed by a trap door in wet weather-as 
in some tropical plants. Pollen shedding from the anthers is regulated by restric
tions imposed by the openings and by the maturity gradients which exist between 
the anther lobes and along the main axis of the individual pollen locule. 
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Temperature and relative humidity regulate the duration of pollen discharge 
in single flowers. Thus, in castor beans a raceme may shed pollen for 16 days 
between 400 and 2000 h, but pollen release is restricted to temperatures higher 
than 24°C and to relative humidity lower than 70% (MEINDERS and JONES, 
1950). Diurnal timing of pollen release has a species-specific pattern. PERCIVAL 
(1955) grouped pollen presentation according to the daily period. In most crop 
plants the peak period of pollen release coincides with the peak period of 
pollen vector activity. The bulk of pollen is released early in the morning in 
crops such as sunflower, cabbage, radish and mustard; release until noon is 
found in wheat, corn, black currant and strawberry. Pollen is shed more or 
less uniformly throughout the daytime in crops such as onion, leek, raspberry 
and watermelon. Pollen shedding is concentrated in the afternoon in crops 
such as broad bean, apple, plum and white clover and in some cultivars of 
pumpkin. In the bat-pollinated kapok, pollen is presented mainly during the 
night. 

Pollen survival under natural conditions is essential for a certain period 
of time: from pollen maturation through pollen release, dispersal and germination 
on a receptive stigma, to fertilization. During the mobile phase of dispersion 
pollen is exposed to quite severe environmental conditions, but usually this 
phase is only a matter of minutes or hours. In dichogamous crops the interval 
of sex separation must be bridged by pollen longevity. The life span of pollen 
of different species under natural conditions varies from a few hours to more 
than a year. Pollen generally survives for only a few hours under natural conditions 
in guava (about 4 h), in cacao (about 12 h) and in corn, wheat, barley and 
other grasses (up to 24 h). In deciduous fruits and alfalfa, pollen generally remains 
viable for a number of days and in some wind-pollinated trees (e.g. pines and 
dates) pollen can be stored viable for a year or more under natural conditions. 
Investigations on pollen physiology (see reviews by VISSER, 1955; JOHRI and 
VASIL, 1961; LINSKENS, 1964) revealed that longevity depends on variables 
such as atmospheric humidity, temperature, air composition and air pressure, 
as well as on pollen vigor-which might be modified by plant nutrition, viruses 
and other pathogens. 

BREWBAKER (1967), summarizing physiological differences between binucleate 
and trinucleate pollen grains, observed the general tendency that trinucleate 
pollen loses its viability much faster than binucleate pollen. Trinucleate pollen 
is also difficult to germinate in vitro. It may be assumed that the second mitotic 
division deprives the pollen grain of sufficient reserves for longevity and germina
tion. However, changes in metabolism associated with germination and longevity 
of trinucleate pollen, such as of corn and wheat, are not very well understood 
(Goss, 1968). Among the cultivated plants, trinucleate pollen is found in the 
Caricaceae (papaya), Caryophyllaceae (dianthus), Chenopodiaceae (beet, spinach, 
quinoa), Cruciferaceae (cabbage, radish, etc.), Linaceae (flax), Umbelliferae (carrot, 
celery) and Graminaceae (wheat, corn, oat, barley, sorghum, range grasses). 

Drought resistance by pollen appears to be an adaptation to the conditions 
prevailing during its dispersion phase. Nevertheless, no consistent differences 
can be found between drought resistance of anemophilic and entomophilic pollens. 
Most pollens retain viability longer at low relative humidities (0-40%) than 
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at higher ones, but usually not below a distinct, critical level which is species-speci
fic. As a general rule, low humidity is decidedly harmful to trinucleate pollen, 
such as that of grasses. 

Temperatures above the optimum for the growth of the species, in all cases 
decrease pollen longevity. Viability is extended progressively with a decrease 
in temperature. Pollen grains of many crops can be stored viable for quite 
long periods at 4°-5°C if properly dried under vacuum and maintained in 
sealed containers. (Those remaining viable for more than one year are beet, 
corn, alfalfa, tobacco, cacao, clover, pine, coconut, potato and pea.) No damage 
is usually found if air-dried binucleate pollen is stored at deep-freezer temperatures 
(-100--35°C); under these conditions pollen such as that of tomato, potato, 
petunia, grape, apple and pine has been kept viable routinely for more than 
one year. Storage at uncontrolled temperature in sealed containers after freeze-dry
ing appears to be a convenient method for long-term storage and for shipping 
pollen, provided it is properly rehydrated before use under species-specific condi
tions (see KING, 1965). Indications are that ultimate prolongation of the pollen 
life span, required for germplasm preservation in "pollen banks", will probably 
be achieved by the proper combination of conditions in storage: extremely 
low temperatures, low humidity, atmosphere enriched by CO2 or reduced air 
pressure. Pollen preparation for storage and proper thawing and rehydration 
after storage will have to be determined for each species. 

Sufficient pollen vector activity at the right place and time is required for 
effective pollination. Atmospheric conditions modulate abiotic vectors' activity 
seasonally and diurnally. Saturation of flowers with a strong and effective biotic 
vector is modified by quite a number of factors. Climatic factors condition 
seasonal and diurnal variations in the presentation of stimuli (such as nectar) 
for anthophilous animals (PERCIVAL, 1955). Climate also influences directly the 
physical ability of anthophilous animals, limiting or extending pollinating activity 
in degree and distance. Floral preference and constancy of the pollinator relate 
not only to discrimination between flowers, but also to the calendar overlap 
of competitive flowers and quantity of flowers present in the effective foraging 
area of the pollinator (FREE, 1970). The population size of pollinators obviously 
depends on the succession of flowers of different species ("floral calendar"). 

Compatible and receptive stigmas are a requisite for pollination. Persistence 
of stigma receptivity in individual flowers varies between species and lasts from 
a few hours up to one month. Emasculated flowers of self-pollinated crops 
(e. g. sesame, cotton, wheat, tomato) generally show brief persistence of receptivity, 
although optimal environmental conditions may extend receptivity somewhat. 
Insect-pollinated crops, as a rule, display receptivity for a number of days (e. g. 
guava, apple, sweet potato, onion), but crops belonging to the crucifers and 
cucurbits are exceptions to the rule with a stigma receptivity lasting a few 
hours only. The tendency in wind-pollinated crops is to maintain stigma receptivity 
for a week or more (e. g. date, beet, pecan). In most plants the best pollination 
is achieved on the day of flower anthesis, although stigmas may be fully receptive 
already some hours before anthesis (e. g. in cabbage, cucumber, and many self-ferti
lizing grasses). Often we encounter a diurnal variation in stigma receptivity. 
Thus, in hot weather crops such as watermelon and sorghum, morning pollination 
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sets much better than afternoon pollination. In crops releasing pollen all day 
long, stigma receptivity is usually higher in the morning and evening than 
at noon. In dichogamous sweet potato, stigma receptivity is restricted to the 
late afternoon (1800-2000 h), as is the case with the type B avocado cultivars 
mentioned before. . 

The effective flowering period of each individual flower is of practical relevance, 
in particular for self-fertilizers.· Thus, synchronization of the function of the 
two sexes in the individual flower must be achieved by coincidence of maturity 
or life span overlap. For cross fertilizers, the effective flowering period depends 
on the potentially interbreeding population of flowers. Developmental gradients 
provide for successive flowering within plants, and ecological or genetic differences 
extend the flowering season in the interbeeding plant population to spread 
the effective flowering period. 

Breeding new cultivars, cultivar maintenance and proper pollination for crops 
where seed set is required, hang upon synchronization of the male and female 
functions. Matching the effective flowering period of the male and female parent 
must often be achieved by artificial nicking procedures. Thus, it is common 
practice in the production of hybrid seed to achieve pollination between early 
and late-flowering parents by adjustment of planting dates (for onions, see 
ATKIN and DAVIS, 1954). Artificial nicking is achieved by pollen storage in 
breeding programs, cultivar maintenance and date production. Interplanting 
of cultivars with pollinizer plants is practiced for diurnal and seasonal nicking. 
Such pollinizers are required for dichogamous, self-incompatible, sexually female 
or male sterile cultivar clones (avocado, tangelo, apple, plum, pear, cherry, Musca
dine grape, fig, papaya, persimmon and pistacio) as well as for gynoecious 
cultivars (cucumbers). Some techniques used to insure nicking in plant breeding 
and seed production will be mentioned later on in the book in connection 
with the crops concerned. 

1.3.4 Location and Mass Effects in Pollination Ecology 

We have mentioned the artificial adjustment of pollination for agricultural or 
breeding purposes by control of nicking and manipulation of vector activity. 
The manipulation of climate for the adjustment of pollination is restricted to 
physical interventions such as windbreaks, greenhouses and other enclosures 
which are often economically not feasible. Location and mass effects in pollination 
ecology, on the other hand, provide many practical means of handling cross 
pollination. 

Distance between pollen donor and acceptor is the major element affecting 
horizontal pollen dispersion. Generally, pollen dispersion curves follow leptokur
tic distribution, i. e., they feature a higher concentration around the pollen source 
than would be expected with a corresponding normal distribution. Thus, progressi
ve increase in distance becomes rapidly less effective in pollination. Leptokurtic 
distribution of pollen migration is typical both for abiotic and biotic dispersal, 
but methods of pollen dispersal modify the direction of pollen migration. Pollen 
dispersed by wind is subject to unpredictable variations in wind direction and 
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velocity and is distributed in a downwind direction. On the other hand, biotic 
vectors move independently of one another in a statistically predictable manner, 
equally in all directions within a species-specific foraging area. The systematic, 
often flower-constant pollen transfer may be modified only by unequal dispersion 
of the plant species concerned or climatic conditions limiting normal activity 
of the vector. Data on horizontal pollen dispersion have been compiled by 
WOLFENBARGER (1973). 

Pollen dispersion distances are best presented in terms of a curve for crossing 
frequency. Such a curve has a negative slope with its steepness decreasing as 
the distance increases. Experimental results (BATEMAN, 1947b, c) indicated that 
mathematical formulae for actual biotic and abiotic pollen dispersion curves 
are unexpectedly similar. Logarithmic transformation of crossing frequency data 
yield a straight line regression where the intercept (a) is the logarithm of the 
crossing frequency at the pollen source, and the slope (b) is equal to 0.4343 
the coefficient of rate of decrease of frequency with distance (Table 1.9). 

Table 1.9. Approximation of actual pollen dispersion curve (after BATEMAN, 1947b, c; 
WRIGHT, 1962) 

10gF=logF 0-0.4343 kD 
=logarithmic statement of 

F=Foe- kD 

F and F 0 are the frequencies at distances D and 0, respectively 
e=base of natural logarithms ;:;:2.718 
k=slope of straight line obtained by plotting log frequency over distance. 
Logarithms used are to base 10. 
The logarithmic statement of F = Foe -kD is similar to the generalized straight line formula, 

Y=a+bX. The intercept, a, is the logarithm of the source frequence (=logFo), and the 
slope, b, is equal to 0.4343 k. The intercept and slope can be calculated by ordinary regression 
formulas as follows: 

b=0.4343k= ,,2 
" 2 L,(\\,X)] 
L.,(wX ) - Iw 

a=logFo = I(w Y)-b[I(wX)] 

Iw 
X = distance 
Y = log frequency 
w = weight = frequency 

The use of the frequency (F) as the weight (w) to be allotted to a given observation 
was suggested by Sewall Wright. It is based upon the fact that frequency at anyone 
point probably follows a binomial distribution, for which the variance (= l/re1iability) varies 
with frequency. 

Barriers of various types limit pollen dispersion. We have already mentioned 
the filtration of pollen from the air stream by physical barriers such as are 
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imposed by topography, interception by vegetation, or rain. For abiotic dispersion, 
the height of the pollen-bearing flowers and pollen buoyancy determine intercep
tion by the soil surface. Biotic pollen vectors may be limited by physical barriers 
in free movement or arrested by deterrents. Apart from physical barriers, pollen 
is diluted by the mass of the plant species. The plant's own pollen may compete 
with pollen from a different plant occupying stigma space, or may even precede 
fertilizing an ovule (if compatible). The mass of the plant species will decrease 
biotic pollen migration distance, because a biotic pollen vector can carry only 
a limited amount of pollen. Data given by FRYXELL (1956) illustrate the relative 
importance of varietal mass and distance in specifying the population breeding 
structure of cotton. 

1.3.5 Competition Effects in Pollination Dynamics 

The pollen-carrying capacity of the wind may be considered unlimited, and 
thus one type of pollen does not compete with another. On the other hand, 
the amount of pollen of one variety carried by a biotic-dispersal agent can 
increase only at the expense of another variety. Thus, biotic pollination becomes 
a function of the effective population size of the vector, the mass of the plant 
species, the foraging area size of the vector, the distribution of the vector, and 
vector preference for alternative species and shorter foraging trips. Competition 
during the spore-dispersal phase may be followed by competition between geno
typically different pollen grains after the deposition on the receptive surface of 
the ovule. Such competition could depend on differential longevity, germination 
or growth of unlike pollen varieties, and on selective fertilization-the latter 
being an outcome of structural or physiological compatibility barriers imposed 
by interaction of the genotypes of the pollen parent, the pollen grain, the ovule 
parent and the ovule. 

1.3.6 Determination of the Natural Cross-Pollination Rate (NCP) 

The basic breeding behavior of species is a consequence of spatial, temporal 
or physiological separation of sexual organs. Pollination ecology and dynamics 
modify the basic breeding behavior and thus impose difficulties in measurement. 
In spite of the difficulties, we must arrive at a discriminate estimate of the 
NCP of a species under set environmental conditions ,:if we attempt to restrict 
or promote NCP artificially. 

The definition of NCP has sometimes been based simply on the physical 
interfloral transfer of pollen (KING and BROOKS, 1947). From the genetic point 
of view, cross-pollination is meaningful only if it involves crosses between unlike 
genotypes. Thus, interfloral-intraplant pollination, and even interplant-intradonal 
pollination (e. g. in fruit orchards), are obviously genetically equivalent to self 
pollination. The term self pollination could be extended even further to interplant
intravarietal pollination, in which the participating gene pool is restricted. The 
extent of genetically significant cross-pollination, i. e., allogamy, is a function 
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of (1) numerical relations of genotypes within a nicking and interbreeding popula
tion of flowers; (2) reproductive potential of the different flower genotypes; 
and (3) efficiency of the pollen vector. 

Since fertilization is a mutually exclusive event, differences in gene frequency 
between the pollen' pool and the zygotes may occur: pollen genotypes may 
differ in speed of germination and growth, egg cells closer to the stigma may 
be fertilized earlier than those located farther away, and seed maturation in 
the fruit may not be uniform. 

Inferences on the rate of cross-pollination are made from the frequency of 
genetically marked individuals in the progeny. A cultivar, as a natural population 
of a plant species, may be composed of a number or different genotypes. If 
such a cultivar is seed-propagated, uniform distribution ofthe genotypes through
out the field is expected. This is a result of thorough mixing of the seed 
in agricultural practice. Estimates of the rate of cross-pollination will be different 
if based on progeny of individual flowers, single plants, certain genotypes within 
the population, or the whole interbreeding population. Furthermore, different 
results will be obtained from identical populations grown in different environ
ments. Particularly large differences between estimates can be expected with 
normally inbreeding plants and plants with a high seed number per flower, 
where low-frequency cross-pollination events may produce differentials in the 
progeny offruits. Thus, a minority of fruits may show a high rate of cross-pollina
tion, whereas the average of the whole population may be exceedingly low. 

In plant breeding and seed production of hybrid and synthetic cultivars, 
we are interested in the rate of allogamy within the population in a certain 
field, i.e., intrapopulation crossing. On the other hand, in seed production or 
ordinary (uncontrolled or "open-pollinated") cultivars, we are concerned in parti
cular with undesirable cross-pollination betweell cultivars, i. e., interpopulation 
crossing. The artificial intrapopulation promotion of cross-pollination, as well 
as the interpopulation restriction of cross-pollination, depend on the basic natural 
breeding behavior of the species. 

FRYXELL (1957) gives a diagrammatic representation of the basic reproductive 
methods of species by locating the species within an equilateral "reproductive 
triangle". We might extend such representation to include also the average 
sexual generation time and thus describe more fully the evolutionary significance 
of the breeding system of a species (Fig. 1.9). 

Basic assumptions made in all methods for the estimation of the NCP are: 
monogenic inheritance and full penetrance of 11;larker genes, equal survival of 
zygotes and of seed, equal seed dispersal, an4 equal seedling establishment 
and survival in the experimental progeny of the tested species popUlation. For 
a quantitative estimate of outcrossing, different phenotypes may be used in 
progeny tests of populations or of specific phenotypes. 

Bearing in mind the limitations and assumptions mentioned, the NCP may 
be estimated on the basis of gametic and/or zygotic frequencies. Zygotic frequen
cies in a random interbreeding popUlation follow the Hardy-Weinberg equili
brium. A partially inbreeding population may be subdivided for convenience 
into a random interbreeding segment following the Hardy-Weinberg equilibrium, 
and into an inbreeding segment, subject to the probability that an individual 
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carries two alleles at a given gene locus derived from the same ancestor through 
a single generation, i. e., dependent on F, the coefficient of inbreeding (Table 
1.10). The inbreeding coefficient, F, relates to the outcrossing frequency, )0 in 

(i-A) (1-F) 
that F = -- and )0 = -- (NEI and SYAKUDO, 1958). 

(l+A) (1+F) 

Table 1.10. Subdivision of a partially inbred population 

Zygotic Random Inbreeding Total frequency of genotypes 
breeding segment: in partially inbred population 
segment: 

frequency genotype l-F F 

D AA p2 P (1-F)p2+Fp=p2+Fpq 
-------

H Aa 2pq (l-F)(2pq)=2pq-2Fpq 

R aa q2 q (l-F)q2+Fq=q2+Fpq 
---------------- --- ---- --------- -- -----

Outcrossing estimation methods make use of observed deviations in zygotic 
frequencies of experimental progenies from the Hardy-Weinberg equilibrium. 
Different progenies may be used to obtain estimators for nonrandom mating 
as in the following examples: 

1.3.6.1 Progeny Testing of Dominants 

Assumptions: 1. Population at equilibrium. 
2. No selection. 
3. Cross-fertilization random with respect to all genotypes. 

Procedure: 1. Count dominant and recessive phenotypes of population to 
obtain (D + H) and R. 

2. Progeny-test dominant phenotypes to determine proportions 
of heterozygotes to homozygotes. 
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3. Set the expected frequencies of heterozygotes and recessives 
equal to observed frequencies: 

observed 

H 
and R 

expected 

2pq-2pqF 
q2 + pqF 

4. Solve simultaneously for F and p as follows: 

H 
p=D+-

2 

[(4D xR)-H2] 
F=~------

(2D+H)(H +2R) 

5. Calculate out crossing frequency), = (1 - F) 
(1+F) 

(1) 

(2) 

1.3.6.2 Progeny Testing of Recessives 

Assumptions: 1. Gene frequency in pollen pool is the same as in the zygotes 
that produce the pollen. 

2. Outcrossing estimate applies equally to all genotypes in the 
population. 

Procedure: 1. Determine zygotic proportions (see 1.3.6.1) and calculate 
dominant gene-frequency (p). 

2. Progeny-test recessives to determine frequency of heterozygotes 
(DR). 

3. Set expected frequencies ofheterozygotes (function of dominant 
gene frequency, p, in the pollen pool and outcrossing frequency) 
equal to 0 bservecl. frequency: 

observed expected 

DR (3) 

4. Solve for outcrossing frequency),. 

1.3.6.3 Progeny Testing of Heterozygotes 

Assumptions: 1. Gene frequency in pollen pool equals frequency in the zygotes 
that produce pollen. 

2. Cross-fertilization random with respect to all genotypes. 
3. Outcrossing estimate applies equally to all genotypes. 
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Procedure: 1. Determine zygotic proportions in the population (see 1.3.6.1) 
and calculate dominant gene frequence, p. 

2. Progeny-test heterozygotes to determine frequency of recessives. 
3. Set expected frequency of recessives in the progeny of heterozy

gotes equal to observed frequency: 

observed 

RH 

expected 

1+A-2AP 

4 

4. Solve for outcrossing frequency),. 

(4) 

1.3.6.4 Progeny Testing of Recessives and Heterozygotes 

Assumptions: 1. Recessives and heterozygotes have similar outcrossing frequen
CIes. 

Procedure: 

2. No assumptions are made concerning gametic or zygotic fre
quencies. 

1. Progeny-test recessives to determine frequency ofheterozygotes 
(DR). 

2. Progeny-test heterozygotes to determine frequency of recessives 
(RH). 

3. Equate expected and observed frequencies of DR and RH 
as follows: 

observed expected 

DR AP (3) 

RH 
1+A-2),p 

(4) 
4 

4. Solve simultaneously for p and )~. 

VASEK (1968) reviewed a variety of outcrossing estimation methods and 
concluded that estimations based on recessives in the progeny of heterozygotes 
are not efficient, in particular if the frequency of the alleles approaches equality 
or outcrossing is low. Errors in estimation may also be considerable, if the fre
quency of the heterozygotes themselves is used. Consequently, the best estimators 
for outcrossing are frequencies of recessives and of heterozygotes in the progeny 
of recessives, which are observed directly. Estimates for outcrossing can be 
based on expected and observed frequencies in any two of the four basic estimators 
(H, R, DR and RH) solved simultaneously for p and ), in Eqs. (1), (2), (3), 
(4). If two or more independent markers can be utilized in the estimations 
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of outcrossing, assumptions may be minimized. Thus, assumptions need not 
be made for selection and equilibrium in the population, and gene frequencies 
in the pollen pool and zygotes producing that pollen pool must not be assumed 
to be equal. 

1.3.7 Artificial Control of Outcrossing 

In plant breeding and seed production fields, cross-pollination must be controlled. 
Enclosures, emasculation of flowers or plants, and hand pollination normally 
provide the ultimate control of pollination required in, plant breeding. The 
various factors involved in pollination dynamics have to be considered in the 
artificial control of open pollination. Effective isolation of seed crops is required 
to avoid interpopulation crossing and resulting contamination of cultivars. On 
the other hand, promotion of cross-pollination, i. e., facilitation of intrapopulation 
crossing, is often necessary to produce hybrid seed or to secure wide crosses 
in a breeding program. 

In seed production, isolation standards have been established voluntarily 
by seed producers or by public agencies in many countries. Such standards 
take into consideration the breeding behavior of species, barriers and cultivar 
mass (see GRIFFITHS, 1956; Association of Official Seed Certifying Agencies, 
1973). Thus, inbreeding, natural barriers, border rows, border-row removal, and 
large fields reduce the set standards for isolation distances. Cross-pollination 
may be artificially facilitated by choice of a vector-saturated location, planting 
design, downwind location of pollen acceptor, ratio between pollen donor and 
acceptor, proper adjustment of nicking, and artificial manipUlation of vector 
activity. 

a. 
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Fig. 1.1 o. Percentage of natural cross
ing (NCP) in cotton as averages of 
four replications by barrier condition 
and year (after POLE et aI., 1944) 

Intentionally planted border barrier-rows are useful as physical barriers inter
cepting pollen from outside the seed production field. The efficiency of such 
border barrier-rows may be illustrated by the data of POPE et al. (1944) for 
the NCP in cotton protected by corn barrier-rows (Fig. 1.10). The height and 
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density of border barrier-rows appear to be important characteristics for efficient 
interception of wind- and insect dispersed pollen. 

Isolation distance may also be modified by border rows consisting of the 
same variety ("guard rows"), or of the pollen parent in a hybrid seed production 
field. Such border rows impose dilution of foreign pollen, due to the addition 
of mass to the cultivar (BATEMAN, 1947a). The reduction in contamination 
as related to mass and border rows is brought out in the certification standards 
set by the AOSCA (1973), indicating reduction of distance from contaminants 
with the increase of border row number, size of seed production field, and 
removal of "guard rows". Thus, for instance, the required minimum isolation 
distance for sweet corn is 200m from the contaminating source, plus four pollen
parent border rows when the field to be inspected is 4 ha or less in size. However, 
this distance may be decreased by 4.5 m for each increment of 1.6 ha in the 
size of the field, to a maximum of 16 ha. The distance may be further decreased 
by 12m for each additional border row, to a maximum of 16 pollenparent 
border rows. These border rows can not be used for maintenance of the pollen 
parent. 

The isolating efficiency of guard rows was demonstrated for cotton by GREEN 
and JONES (1953). If such rows are discarded, the isolating potency of the 
discarded rows may surpass border rows of a different species such as corn. 
Consequently, minimum isolation distances for many crops have been set lower 
for the cases when guard rows are removed. For example, isolation distances 
for cross-pollinated grasses have been set as follows: 50 m without guard strip 
removal; 30 m with guard strip removal of 2.7 m; 23 m with guard strip removal 
of 4.5 m (AOSCA, 1973). Utilization of guard or barrier rows is widely applied 
in seed production, and alternate strip planting of different seed crops is the 
most common design used. 

Promotion of intrapopulation crossing for hybrid seed production, using 
male-sterile, self-incompatible or emasculated ovule parents, may be achieved 
by choosing a vector-saturated location or by manipulating biotic vector activity 
artificially. Locating the ovule parent plants downwind from the pollen parent 
may improve the required crossing both in wind-pollinated crops (for outbreeders 
such as corn, see BATEMAN, 1947b; for inbreeders, e. g. wheat, see DE VRIES, 
1974) and in insect-pollinated crops (for outbreeders such as onions, see SPARKS 
and BINKLEY, 1946; for inbreeders, e.g. lima beans, see ALLARD, 1954). Planting 
design is of major importance in facilitating intrapopulation crossing. The most 
efficient alternation of rows, strips or plants of poIlen atad seed parents depends 
essentiaIly on the steepness of the poIlen dispersal curve (see Section 1.3.4). 
The ratio of poIlen donor to acceptor plants in the field must be set by considering 
concurrently the percentage of seed set, area of poIlen parent lost for seed 
production, seed quality achieved, and economics of production. These, and 
additional aspects connected with the promoting of intrapopulation crossing 
wiII be taken up in more detail later on. 

ControIled cross-fertilization in plant breeding is normally achieved by hand 
poIlination. Incompatibility barriers in wide crosses may bring about minimal 
success in hybridization and a very large number of pollinations may result 
in only a few viable seeds. In such cases, hand poIlination is not practical. 
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A good strategy for overcoming difficulties in wide crosses would be to try 
to force natural introgression by putting self-incompatible, male-sterile or emascu
lated single seed parents into a field of pollen donors with the hope of successful 
NCP (KATZNELSON, 1971). The pollen-saturated condition of the seed parent 
provides for maximal opportunity of the cross, and no hand work is required 
to achieve the desired cross. 



Chapter 2. Autogamy 

2.1 Evolutionary Aspects of Autogamy 

2.1.1 Strategies for Adjustment of Recombination 

Higher plants are characterized by bisexuality-a prerequisite to autogamy-and 
by species which are broken up into populations of remarkably small effective 
breeding size even if distributed continuously (WRIGHT, 1946; EHRLICH and 
RA VEN, 1969). Such genetic discontinuity is an outcome of the random, but 
leptokurtic form of gene dispersal by pollen and seed, and of disruptive selection 
encouraging polymorphism (MATHER, 1955) in extremely localized environments. 
Plant population differentiation over distances of less than 30 m and in less 
than 40 years has been demonstrated experimentally (SNAYDON, 1970). Local 
differentiation of outbreeding species is maintained by selection in spite of foreign 
pollen contamination as high as 50-60 % at the site (JAIN and BRADSHAW, 
1966). Therefore, the adoption of self-fertilization by many plants as an evolution
ary strategy must be regarded mainly as a response to certain conditions of 
existence such as present in pioneer habitats, where initial reproduction must 
be assured and a rapid build-up of uniform population may be advantageous 
(STEBBINS, 1957; BAKER, 1959; ROLLINS, 1967; LEVIN, 1972). As a matter of 
fact, the majority of the most successful noncultivated colonizers are predo
minantly self-pollinated annual species (ALLARD, 1965). Cultivated plants have 
been selected for genetic constancy and reliable fertility since the beginning 
of plant domestication. Selection for genetic constancy and stable fertility mean 
restriction of genetic recombination and independence of the vaguaries of pollina
tion vectors in the cultivated field; these are facilitated by self-pollination. Actually, 
the evolution of many self-pollinated cultivated plants can be traced to out breeding 
ancestors. Such evolution most likely arose through a gradual adjustment of 
the mating system (loss of self-incompatibility, structura.1 adjustment of flowers) 
as well as through restriction of the effective breeding population. 

Although pollination mechanisms are among the most effective means for 
the attunement of recombination, many other factors modulate the recombination 
rate. Gene flow may be restricted or extended by pollen vectors and seed dispersal 
mechanisms. The breeding system may be adapted by the length of generation 
time, by chromosome number, and by the extent of structural hybridity of 
chromosome segments. Selective values may be varied by specific habitats favoring 
or rejecting recombinant genotypes. Thus, the evolution of the mating systems 
must be considered within the frame of quite a variety of forces active in species 
differentiation. 
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2.1.2 Origin of Mating Systems in Higher Plants 

Although the most probable ancestors of the angiosperms appear to be the 
seed ferns, the phylogenetic relationship between the predominantly anemophilous 
gymnosperms and the predominantly entomophilous angiosperms is still obscure 
(CRONQUIST, 1968). Furthermore, phylogeneticists are still divided on the sexual 
potency of the primitive angiosperm flower. Ontogenetic observations do not 
negate a polyphyletic origin of sexual potency (HESLOP-HARRISON, 1972), but 
the fossil record available and the very special features of the angiosperm flower 
(i. e., enclosure of the ovule, shortening of the floral axis, presence of a perianth, 
etc.) support the notion of bisexual potency in the cantharophilic primitive 
angiosperm flower (BAKER, 1963; CRONQUIST, 1968; FAEGRI and VAN DER 
PUL, 1971; GOTTSBERGER, 1974). 

STEBBINS (1970) considers adaptation of pollination mechanisms in the angio
sperms as governed by a number of evolutionary principles. The principle of 
the "most effective pollinator" suggests coordinated adaptation of the hermaphro
dite flower and insect pollination. The efficiency of entomophily in the hermaphro
dite flower is based on the deposition of pollen on the stigma while the insect 
is gathering pollen for food at the same visit. On the other hand, insects do 
not have incentives to visit pistillate flowers devoid of pollen (and other attrac
tants), and, in view of gamete waste in anemophily, the hermaphrodite flower 
may have become a necessity. The significance of the coadaptation of anthophilous 
insects and hermaphrodite flowers is well illustrated by the problems in hybrid 
seed production using male sterile mutants as female parents of normally entomo
philous crops. This subject will be discussed later on. 

Thepollinationefficiency of entomophily in hermaphrodite flowers promotes the 
chance of self-pollination. Reduced hybridity in the plant population as a result 
of self-pollination may become disadvantageous in evolution. BAKER (1963) sug
gested that the presence of a style, and of pollen tube growth through it, provided 
an evolutionary opportunity for the control of fertilization by sieving of pollen 
tubes. Apart from self-incompatibility, barriers to self-pollination by temporal 
or spatial separation of the sex organs may have served as another evolutionary 
strategy for the adjustment of the hybridity optimum. 

A reversal in evolutionary trends of mating systems may occur when environ
mental conditions elicit them (STEBBINS, 1970). Examples of such reversals are 
redifferentiation of bisexual potency toward unisexual potency, and shifts between 
insect pollination and wind pollination. The mulberry family (Moraceae) furnishes 
a good example of multiple reversal of trends. The bisexual flowers of the 
primitive Moraceae are entomophilous. A shift to unisexual flowers is exemplified 
by the entomophilous monoecious jack fruit (Artocarpus heterophy/lus). The 
monoecious breadfruit tree (Artocarpus communis) growing at the fringe of 
the tropical regions in monsoon countries, developed the deciduous habit and, 
in the absence of the flies and beetles pollinating the jack-fruit, became anemophi
lous. Unisexual potency of plants developed in the entomophilous dioecious 
mulberry (M onts spp.) and in the anemophilous dioecious hemp (Cannabis sativa) 
and hops (Humulus lupulus). The entomophilous fig has unisexual or bisexual 
flowers. 
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Many genera of the grasses (Hordeum, Elymus, Agropyron, Festuca, Poa, 
Bromus), of the legumes (M edicago, Trifolium, Phaseolus), and of the Solanaceae 
(Solanum, Lycopersicon, Nicotiana), include both inbreeding and outbreeding 
species. The inbreeding species are usually more specialized than the outbreeding 
ones and are most likely derived from cross-fertilizing ancestors (STEBBINS, 
1957). The shift to autogamy usually requires a breakdown in hercogamy or 
dichogamy upon which obligate cross-breeding is based (see Chapter 3). Self-com
patibility may have evolved through loss mutation of genes at the self-incompatibi
lity locus (LEWIS, 1954), by breakdown of self-incompatibility in derived polyploids 
(LEWIS, 1943; GRANT, 1956), or by fixation of self-compatible, monomorphic 
recombinants produced by "illegitimate crosses" in heteromorphic species (BAKER, 
1966). Adjustments in structure, position and size of anthers, stigmata and per
ianths are often associated with the change of the breeding system. Figure 2.1 
presents one possible outline of the hypothetical phylogeny of angiosperm mating 
systems. 

2.1.3 Variation in Autogamous Populations 

Although predominant self-fertilization reduces the capacity for genetic recom
bination, its adoption is by no means a prelude to evolutionary extinction. 
This is evident from the success of some autogamous groups outlasting their 
cross-fertilizing relatives (STEBBINS, 1957) and the persistence of genetic variability 
in inbreeding populations (ALLARD et aI., 1968). Restriction of genetic recombina
tion by inbreeding can be compensated for by features such as short sexual 
generation time, high chromosome numbers, absence of structural hybridity 
of chromosome segments, wide hybrid fertility, and long-range seed dispersal 
(GRANT, 1958). However, persistence of genetic variability in inbreeding plants 
is most probably due to local differentiation in ecological niches which maintains 
massive storage of genetic variability (ALLARD et aI., 1968). 

Successful inbreeding and outbreeding species are little different in total 
genetic variability. Inbreeders are more likely to be variable between families, 
whereas outbreeders tend to vary within families. Natural populations of 
inbreeders as well as most autogamous cultivars are made up of different, mostly 
homozygous genotypes (JOHANNSEN, 1926; KNOWLES, 1943; JAIN and MAR
SHALL, 1967; KANNENBERG and ALLARD, 1967). Furthermore, the experience 
of plant breeders indicates a certain residual heterozygosity in almost every 
autogamous cultivar and response to directional selection of progeny of individual 
plants often yield improved cultivar types. Within-family variability has actually 
been demonstrated in experimental populations of beans (see ALLARD et aI., 
1968) and in wild oats (IMAM and ALLARD, 1965). 

Genetic polymorphism in self-pollinating species is of utmost importance 
in plant breeding methodology. Maintenance of variability and directional changes 
(ALLARD et aI., 1972), in spite of the prevalent autogamy, must be taken into 
consideration. The evolutionary response of an inbreeding population is not 
only dependent on natural or artificial selection, but also on the original genetic 
make-up and on small, environmentally modulated changes in breeding systems. 
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Fig. 2.1. Hypothetical phylogeny of angiosperm mating systems (assuming a monophyletic 
origin from a preangiosperm featuring bisexual strobili). 

The reproductive values of genotypes cannot be deduced from their performance 
in pure culture, because it is modified in plant associations by frequency-dependent 
competition. Thus it has been demonstrated that heterozygotes at very low 
frequency in a population may produce about three times as many progeny 
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as homozygotes in the same population (HARDING et aI., 1967), and with a 
decreasing frequency in the population the selective value of heterozygotes in 
a mixture may become higher (WORKMAN and ALLARD, 1964). 

Competitive ability and yield under natural selection have been studied in 
populations synthesized by mechanical mixtures of a number of pure lines. 
HARLAN and MARTINI (1938) first demonstrated rapid changes in mixture of 
barley cultivars in response to contrasting climate. Subsequent experiments with 
small grains showed repeatedly that one pure line usually becomes rapidly 
predominant in such populations (SUNESON and WIEBE, 1942; SUNESON, 1949). 
However, competition ability of a constituent line in a mixture is not necessarily 
related to its yielding ability, as illustrated in an equiproportional mixture of 
five rice cultivars (JENNINGS and DE JESUS, 1968). The taller cultivars were 
most competitive but low-yielding in pure stand, whereas the dwarf cultivars 
were less competitive but high-yielding in pure stand. In populations of autoga
mous plants derived from intercrossing different genotypes, directional and stabi
lizing responses to both natural and artificial selection are usually experienced 
(see ALLARD et aI., 1968). 

Normal residual heterozygosity in inbreeding crop cultivars and a frequency
dependent heterozygote advantage signify the importance of maintaining a pan
mictic gene pool and a proper level ofhybridity in an in breeding crop. Introduction 
of male-sterile mutants into autogamous populations has been proposed as a 
means to enforce outbreeding artificially (see JENSEN, 1970). JAIN and SUNESON 
(1966) and JAIN (1969) studied the fate of barley populations into which various 
proportions of male-sterile mutants were introduced. Comparison of an "outbreed
ing series" (derived from a population in which high proportions of male steriles 
were included) with an "inbreeding series" (derived from a population in which 
low proportions of male steriles were included) indicated increased within- and 
between-family variability but no improvement of population fitness in the popula
tion derived from the "outbreeding series". From these and other experiments 
it becomes clear that sufficient variability is normally being released in autogamous 
crops at the normal low levels of outcrossing. 

Increased between-family variability, as provided by multiline mixtures, 
appears to enhance yield in some cases. Multiline mixtures of small grains 
and soybeans, assembled on the basis of pure stand yields and interactions 
between components, produced increased yields-apparently through efficient 
use of different environmental niches in the field (SIMMONDS, 1962; JENSEN, 
1965; BRIM and SHUTZ, 1968). Multiline mixtures are thought to be more disease 
tolerant than pure lines (SUNESON, 1960; LEONARD, 1969), but studies with 
grain sorghum indicate that only substantial advantages in terms of yield stability 
or disease tolerance justify multiline blends (MARSHALL and ALLARD, 1974). 

Recurrent cycles of enforced out breeding and concurrent artificial selection
instead of relying on natural selection-may prove to be a useful breeding 
strategy in autogamous crops. FREY (1967) has shown that mass selection in 
oats is as useful in inbreeding as in outbreeding systems. The usefulness of 
mass selection even for characters of low heritability, has been indicated in 
enforced outbreeding populations of tobacco (MATZINGER and WERNSMAN, 
1968), wheat and barley (REDDEN and JENSEN, 1974) and soybean (HANSON 
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et aI., 1967). Hence, again it is evident that the total genetic variability in 
autogamous plant populations is quite significant. 

2.2 Mechanism of Autogamy 

Breakdown of hercogamy, dichogamy or self-incompatibility must precede the 
shift of the breeding system from obligate outcrossing toward autogamy. A 
number of stages are clearly involved in such a shift. The first step toward 
the development of autogamy is characterized by late anthesis "emergency pollina
tion" securing fertilization in the case cross-pollination did not materialize. The 
mechanism of such pollination could be based on late anthesis changes in the 
position of own pollen and stigmatic surface (e. g. by bending of style, stamens 
or corolla, or closing of the corolla), incidence of overlap in style receptivity 
and pollen shedding in dichogamous plants, or weakening of self-incompatibility 
mechanisms (e. g. by decrease of impeding stigmatic substances). A further stage 
toward autogamy may involve accidental self-pollination supplementary to cross
pollination. Mixed cross- and self-pollination is a result of a breakdown of the 
out breeding mechanism not replaced as yet by definite mechanisms of autogamy. 
The initial moves toward an active device for self-pollination are structural 
and positional changes in the hermaphrodite flower resulting in functional auto
gamy. A further step toward complete autogamy is preanthesis self-pollination 
("bud pollination"), which make chasmogamy functionally redundant. Finally, 
flowers need not open at all to insure complete self-fertilization; such a condition 
is referred to as cleistogamy. 

2.2.1 Cleistogamy 

Cleistogamy is quite a common phenomenon in cultivated plants, but rarely 
obligatory in a species. The frequent presence of transitional flower types indicates 
that cleistogamy is a condition derived from chasmogamy. Flowers closing during 
unfavorable weather (ecological cleistogamy) may have given rise to the per
manently closed condition. Cleistogamic flowers are characterized by a reduction 
in number and size of floral parts such as stamens, and by modifications of 
the perianth. For that reason, UPHOF (1938), summarizing the literature on 
the subject, considered cleistogamous flowers essentially retarded, precociously 
functional forms of chasmogamous flowers. On the other hand, evidence is 
at hand of cases indicating genetic control of cleistogamy (such as in sorghum 
and rice). Thus, cleistogamy may be a product of genotype-environmental interac
tion (MAHESHW ARl, 1962). 

Ecological cleistogamy may be a device to safeguard pollination under unfavor
able conditions: the presence or absence of cleistogams is conditioned by such 
environmental factors as drought, heat, cold, shade, nutrition, submersion or 
burying of flowers, etc. (UPHOF, 1938). Thus, a cleisto-chasmogamous type of 
floral dimorphism may become seasonal. Weed sorrel (Oxalis acetosella) or 



Cleistogamy 57 

sweet violet (Viola oderata), for instance, if overgrown by other vegetation 
later in the season, becomes cleistogamous. In lespedeza (Lespedeza stipulacea), 
cleistogamy is prevalent in apetalous flowers at 21°C, whereas chasmogamy 
is predominant in petalous flowers at 27°C (HANSON, 1943). Cleisto-chasmogamic 
floral dimorphism often exists in grasses. Panicles of rescue grass (Bromus cathar
ticus) produce many cleistogamous florets in dry and hot weather. Under stress 
conditions panicles of California brome (Bromus carinatus) and of sorghum 
will produce chasmogamic florets at the base and center, and cleistogamic florets 
at the extremes of the panicle (HARLAN, 1945; DOGGETT, 1970). High humidity 
will delay spikelet opening in "Japonica" rice or even inhibit opening completely 
and cause cleistogamic pollination (NAGAI, 1959). 

Differential fertility of the two flower types has been reported among cleisto
chasmogams. MADGE (1929) states that chasmogamic flowers of sweet violet 
(V. oderata) do not function and seeds are produced only from cleistogamous 
flowers. BEATTIE (1969) describes in detail two phases of flowering in Viola 
species: the first cleistogamic and fertile and the second chasmogamic, which 
normally does not result in crossing (possibly because of protandry). An interesting 
example of the involvement of cleistogamy in the adjustment of recombination 
is provided by Carolina (Lithospermum caroliniense). In this plant a heteromor
phic incompatibility system (see Chapter 3) is complemented by self-compatibility 
of cleistogamic flowers. Cleistogamic flowers produce more seeds than chasmoga
mic flowers and thus more selfed seeds are produced than one would expect 
on the basis of the number of cleistogamic plants in a population (LEVIN, 
1972 a). On the other hand, in many grasses, cleistogamic florets found at the 
extremes of inflorescences often are undernourished and hardly produce seed. 

Constitutional cleistogamy has been reported in a number of grasses. In 
annual fescue (Festuca microstachys), in "Sathi" rice cultivars of Uttar Pradesh 
in India, in the "Nunaba" sorghum cultivar of West Africa and Sorghum papyr
escens (membranaceum), as well as in some barley cultivars, cleistogamy is con
trolled genetically. Panicles of annual fescue and of "Sathi" rice are pollinated 
within the boot-leaf sheaths (CHANDRARATHNA, 1964; KANNENBERG and 
ALLARD, 1967). Glumes of cleistogamic sorghums are closed or rolled (AYYANGAR 
and PONNAIYA, 1939; BOWDEN and NEVE, 1953). The inheritance of cleistogamy 
in S. papyrescens depends on the action of two recessive genes controlling rolling in 
of the edges of lower floral and upper involucral glumes (gx) and controlling 
a papery glume (py). According to AYYANGAR and PONNAIYA (1939), the concur
rent presence of gx and py results in cleistogamy. Cleistogamic barley varieties 
are characterized by poorly developed lodicules (BERGAL and CLEMENCET, 1962). 
Poa chapmaniana is considered a cleistogamic mutant .of the annual blue grass, 
Poa annua (WEATHERWAX, 1929). In certain South American plantain species 
(Plantago spp.) hermaphrodite plants are normally cleistogamous and upon se1fing 
produce only cleistogamic progeny. A cross between hermaphrodite and chasmo
gamous unisexual male plants yields only chasmogamous male progeny. Thus, 
cleistogamy and chasmogamy may be considered sex-linked in these plantain 
species (SCHURHOFF, 1924). 

The mechanism of cleistogamy is based on nicking within the closed flower; 
it is a very economical pollination device. In F. microstachys only one of three 
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anthers develops and it produces only a few pollen grains. Pollination is assured 
by enclosure of the single dehiscent anther in the stigmatic hairs (KANNENBERG 

and ALLARD, 1967). In other cases, such as in sweet violet (V oderata), wood 
sorrel (0. acetossella) and lespedeza ( L. stipulata), pollination is "cleistantheric", 
i. e., anthers normally do not dehisce, and pollen germinates within the closed 
anther locule wall (MADGE, 1929; HANSON, 1943, 1953; BEATTIE, 1969). Figure 
2.2 illustrates floral morphology in cleistantheric-pollinated lespedeza. 

C 

STA - -I--{-jL I 

PT --I-+f-f-H 

S - -+--fH1-

A - +-J'H-\ 

STY - HI-lf-+-- -+ 

o -1rll-tt-lf--ff--
ES -~IHH\--\\----\ .. 

PT 

AL- H-

PG-~,......{' 

Fig. 2.2. Cleistogamy in Korean lespedeza. 
Left: Median longitudinal section of cieistogamous flower at time of fertilization. C: calyx, 
A: anther, STA: standard, PT: pollen tube, S: stigma, STY: style, 0: ovule, ES: embryosac 
( x 74, after HA NSON, 1953) 
Right : Section of anther of apetalous flower showing penetration of pollen tubes through 
anther wall ("cieistanthery"). PT : pollen tube, AL: anther locule, PO: pollen grain (x 325 
after HANSON, 1943) 

2.2.2 . Chasmogamic Selfing 

Preanthesis self-pollination ("bud pollination") is common in a number of culti
vated legumes, although their flowers are of conspicuous entomophilous type. 
In the vetches (Vicia angustifolia and V sativa) anthers dehisce in the bud 
and self-fertilization takes place before or at about anthesis (LECHNER, 1959). 
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Self-pollination in the bud occurs also in the common bean (Phaseolus vulgaris) 
and the mung bean (Phaseolus aureus), although fertilization may often be 
delayed until after anthesis because of protandry (PURSEGLOVE, 1968). In field 
and garden peas (Pisum sativum) anthers generally dehisce in the bud and 
pollen accumulates at the tip of the keel (HERTZSCH, 1959). Pollen becomes 
deposited on the stigma with the growth of the pistil and self-fertilization is 
assured. A similar mechanism of preanthesis self-pollination occurs also in the 
peanut (Arachis hypogaea), pigeon pea (Cajanus cajan), soybean (Glycine max), 
and some other legumes. Examples of preanthesis self-pollination in other families 
are: the garden cress, Lepidium sativum (Cruciferae), and some grasses, e. g. 
rye grass ( Lotium temulentllm), wheat grass (Agropyron trachycaulum), and brome 
grass (B. carinatus) (SMITH, 1944; HANSON and CARNAHAN, 1956). 

Grass flowers also provide good illustrations of active devices for self-pollina
tion. Functional autogamy in wheat and barley is based on the maturation 
of pollen within the anthers before the florets open. When the lodicules swell 
the lemma and palea are pushed apart, and the two stigmata spread outward 
concurrently with the extension of the staminal filaments. Anthers begin to 
dehisce from the top while the filaments lengthen rapidly and pollen falls within 
the flower and becomes lodged in the feathery stigma. Normally the anthers 
are pushed out of the floret, but the extent of anther extension is variable, 
dependent on cultivar and on environmental conditions. JOPPA et al. (1968) 
report on 72 % anther extrusion for spring wheat as compared with 22 % for 
durum wheat, and on a positive correlation between anther extension and the 
amount of pollen shed. Pollen-shedding ability is of prime importance in hybrid 
seed production. For a detailed review of flowering biology of wheat see DE 
VRIES (1971), and for barley see BERGAL and CLEMENCET (1962). In oats (Avena 
spp.) and rice (Oryza sativa), anther dehiscence atop the stigma coincides or 
precedes spikelet opening (BONNETT, 1961; CHANDRARA THNA, 1964), thus facil
itating selfing. 

Examples of devices atrording functional autogamy are given in Fig. 2.3. 
In sesame (Sesamum indicum), pollen is shed concurrently with the anthesis 
and the bifid stigma opens and becomes covered with pollen (WEISS, 1971). 
In many autogamous plants, anthers are grouped at the time of dehiscence 
near or above the stigma, increasing the chance of self-pollination [e. g. in self-pol
linated legumes such as chickpea (Cicer arietinum) or soybean (G. max), and 
self-pollinated crucifers such as Thale cress ( A rabidops is thaliana)]. The efficiency 
of selfing due to anther location close to the stigma is often enforced by a 
variety of mechanisms. Anthers may be open and stigmata may be receptive 
even before the flower unfolds completely (e. g. in Nicotiana spp.; GOODSPEED, 
1961). In flax (Linum usitatissimum), dehiscent anthers are located above the 
five erect styles touching the stigmata as the flower opens. Afterwards anthers 
often fall together to form a cap over the stigmata (DILLMAN, 1938). In the 
Compo sitae, pollen is shed inside the anther tube and the hairy developing 
stigma pushes the pollen mass outside like a piston and then it opens up outwards; 
thus, if self-compatible, such as lettuce, endive and aster, self-pollination is facili
tated. In lettuce, obligatory self-fertilization is further enforced by a very short 
duration of anthesis (JONES, 1927). Self-fertilization in the cultivated tomato 
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Fig. 2.3 a-h. Examples of devices affording functional autogamy. (a) Elongation of pollen-shed
ding stamens-wheat (Triticum), (b) Piston action of stigma in anther tube-lettuce (Lactuca 
sativa), (c) Corolla unfolding while anthers shed pollen-tabacco (Nicotiana tabacum), 
(d) Unfolding stigma lobes brush pollen-sesame (Sesamum indicum), (e) Grouping of 
stamens above stigma-thale cress (Arabidopsis thaliana), (t) clustering of anthers over 
style-flax (Linum usitatissimum), (g) Twisting of stamens and style-common bean (Pha
seolus vulgaris), (h) Stigma enclosed in anther tube-tomato (Lycopersicon esculentum) 

is favored by the position of the receptive stigma within the cone of the anthers 
and the normal pendant condition of the flower. Varietal differences in the 
degree of stigma exertion (RICK and DEMPSEY, 1969) are of major importance 
in tomato fruit setting and crossing techniques. The inserted stigma position 
affords better self-pollination and fruit set, whereas the exerted stigma position 
aids in artificial crossing and hybrid seed production utilizing male-sterile mutants 
as female parents. 

A good example of partial breakdown of outbreeding mechanisms in mellito
philous legumes is the broad bean (V. faba). Such partial breakdown results 
in mixed cross- and self-pollination. Pistil and anthers are liberated through 
a slit in the top of the keel under the weight of the alighting bumble bee, 
and pollen is discharged and received by the vector but also deposited on 
the pistil. Thus, although differential pollen germination and growth exist, the 
absence of a strong barrier to self-pollination results in about 30 % NCP (SOPER, 
1952; ROWLANDS, 1958; BRANDENBURG, 1961; PURSEGLOVE, 1968). In peppers 
(Capsicum annuum and Capsicum frutescens), mixed cross- and self-pollination 
is probably due to variation in protogyny based on the relative delay in anther 
dehiscence. Vector saturation (bees, thrips, ants), climate and genotype appear 
to alter the proportion of selfing (unpublished observations). Cross-pollination 
for a number of genotypes may range from 9 to 32 % under pollen-saturated 
conditions (ODLAND and PORTER, 1941). Cotton is another important crop featur
ing mixed cross- and self-pollination. NCP in cotton is subject to planting design, 
vector population and cotton species. Although upland cotton (Gossypium hirsu
tum) generally has shorter styles than extra-long-staple cotton (Gossypium barba-
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dense), and the protruding stigmata are surrounded by erect stamens in intimate 
contact with the stigma, some cultivars show over 40 % NCP, as compared 
with 5 to 10 % for G. barbadense (SIMPSON, 1954; SIMPSON and DUNCAN, 

1956; MEREDITH and BRIDGE, 1973). 
There are numerous examples of "late anthers emergency self-pollination" due 

to a weakening of ,the out breeding mechanisms. Among normally protogynous 
plants, dichogamy may be bridged in the absence offoreign pollen (e. g. in Gerbera 
viridifolia). Among normally self-incompatible crops, incompatibility may weaken 
in the old flower (e. g. in crucifers such as Sinapsis alba or Brassica campestris) 
and self-pollination will be successful. Crops featuring selective fertilization by 
foreign pollen competing with own pollen will be self-pollinated by slow-growing 
own pollen late in anthesis when foreign pollen is absent [e. g. in certain sunflower 
(H elianthus annuus) and raspberry (Rubus idaeus) cultivars]. 

2.3 Management of Pollination in Autogamous Crops 

The control of parentage, as required for breeding purposes and for hybrid 
seed production, may call for techniques of emasculation of hermaphrodite 
flowers, pollen collection, pollen storage, artificial pollination, isolation and mark
ing of flowers, and selective harvesting of fruits or seed. The natural adjustment 
to self-pollination makes aspects of emasculation, pollen collection and artificial 
cross-pollination most important for the control of parentage in autogamous 
crops. 

2.3.1 Emasculation 

Mechanical removal of microsporophylls, differential destruction of spores, and 
induction of male impotence are the means by which self-pollination can be 
prevented in autogams. Choice and efficient use of the different means depend 
on various factors such as flower morphology and size, timing of anther dehiscence, 
requirements for the reliability of the method, and economic considerations. 

2.3.1.1 Mechanical Removal of Microsporophylls 

The removal of microsporophylls may involve deposal of pollen grains, anthers, 
separate stamens, coalesced staminal columns, tubes, cones, sheaths, or even 
perianths with adnated stamens. Generally, it is advisable not to remove any 
part of the flower unless required and to do as little mutilation as necessary. 
Often slitting or clipping petals, sepals, glumes, etc., is preferable to removing 
these parts entirely. 

For flowers large enough to permit manual emasculation, the excision of 
unopened anthers is the most common method used. The larger the anther 
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and the better separated from the rest of the floral parts, the easier is the 
work. Hence, excision is usually delayed until shortly before dehiscence. Pollen 
in such anthers is already mature and extreme care must be taken to keep 
instruments and fingers free of pollen released from the anthers accidentally 
injured during the operation. To avoid unwanted contamination it is further 
advisable occasionally to dip instruments and fingers in alcohol or water, and 
to dry or wipe them clean. 

The estimation of the proper stage for hand emasculation must be based 
on developmental criteria specific for each crop and cultivar. Since in most 
autogams anthers dehisce and stigmata are receptive before or at anthesis, emascu
lation must precede the opening of the flower. The change of color at the 
tip of the closed corolla is used as the criterion for the proper emasculation 
stage in plants such as flax, tobacco and tomato. In other plants the size of 
the flower bud, protrusion of petals from the calyx, or location of the flower, 
serves as a reference or interpolation of the prospective anthesis or anther 
dehiscence. Thus, cotton is emasculated one day before anthesis. Some barley 
cultivars must be emasculated when the ear is still deep within the boot leaf 
(POPE, 1944), while in other barley cultivars the proper stage is identified by 
separation of the edges of the boot leaf by the expanding spike, and for some 
cultivars the spike should be entirely out of the boot leaf. 

Every feasible step must be taken to minimize the danger of self-pollination 
during the emasculation step. The operation is preferably carried out at the 
time of day when the danger of anther dehiscence is the least, i. e., generally, 
when humidity is high. Dehiscence may in some cases be prevented or delayed 
by artificially maintaining high humidity, e. g. by covering panicles of sorghum 
with plastic bags (SCHERTZ and CLARK, 1967), or by artificial fog-delaying 
dehiscence in Paspalum (BURTON, 1948) and other plants. The undehisced anthers 
of many sorghum cultivars can be successfully and fully detached from their 
filaments by repeated vigorous shaking of the panicle within a plastic bag, 
leaving the open florets essentially emasculated and ready for cross-pollination 
(A. BLUM, pers. comm.). Adjustment of the time of emasculation to the diurnal 
variations in stigma receptivity is another approach to reduce the danger of 
selfing. 

Excision of unopened anthers from still closed flowers is often a delicate 
and time-consuming operation. JORDAN (1957) gives a detailed description of 
the use of warm air to force rice spikelet opening and the extrusion of unopened 
anthers. The interior of a vacuum flask is heated with warm water (43°C) 
and emptied. The bottle is inverted over the panicle from which mature spikelets 
have been cut off, and held for a few minutes with the fingers across the mouth, 
thus closing it. After a short time several spikelets open and stamens hanging 
out can be easily removed with a pair of forceps. Unfortunately, attempts in 
other plants to accelerate anther extrusion without anther dehiscence have been 
unsuccessful. Hence, the microsporophylls must be excised from closed flowers. 

In relatively large flowers petals may be torn appart or slit and anthers 
plucked off with the fingers (e. g. tobacco) or with a pair of forceps (e. g. bell 
pepper). In other cases the corolla or even the calyx must be cut off with 
scissors or the fingernails to facilitate excision of stamens. Stamens may be 
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Fig. 2.4. Crossing technique for cotton (partly after POEHLMAN, 1959 modified.) (A) Flower 
morphology, (B l ) Emasculation by forceps, (B 2) Emasculation by tube, (C) Ripe anther 
collection in isolation straw, (D) Pollination with straw, (E) Tying and fastening of straw 
to bracts 
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removed by a pair of forceps, dissecting needle, or special devices adjusted 
to the flower type. In cotton (DOAK, 1939) and other plants featuring staminal 
columns, a proper size straw tube may be forced over the column to remove 
the anthers and isolate the stigma from its own pollen (Fig. 2.4). Simultaneous 
excision of stamens and glume apices is possible in rice when, at a certain 
developmental stage, the .anther level within the spikelet exceeds the level of 
the stigmata (see Fig. 2.5). 

(a) (b) (c) 

(d) (e) 

Fig. 2.5. Blooming and emasculation of the rice spikelet (modified after COYAUD, 1950). 
(a), (b) and (c) stages in the elongation of staminal filaments; (d) spikelet opening; (e) 
spikelet closure. Broken line indicates simultaneous excission of stamen and glume apices 

In wheat, barley and other grasses the level of undehisced anthers within 
the florets relative to the stigmata does not permit clipping off the anthers 
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without cutting part of the stigmata. However, florets may be clipped with 
scissors just below the anther tips without damaging the stigmata. Such mutilation 
of the anthers, called "scissor emasculation", is in some cases quite reliable, 
and does not require removal of the rest of the anthers when carried out several 
days before anthesis. The failure of the lower portion of the anthers to form 
viable pollen after the removal of the top portions is probably due to the 
destruction of the pollen by desiccation (WELLS and CAFFEY, 1956). Scissor 
emasculation is less time consuming than the more common method of removal 
of anthers or anther remnants with a small forceps after clipping off the tip 
of the floret to gain access to the anthers (POPE, 1944; JENNINGS et al., 1964). 
The latter procedure is the much more reliable one, and, therefore, preferred 
in practice. In some cases emasculation of grass flowers can be accomplished 
without clipping florets. The glumes may be opened by applying pressure with 
a pointed instrument (e. g. a pencil point) and rolling unbroken anthers out 
from the lemma and palea (HARRIS, 1955). 

In small-flowered species, such as flax and soybean, it is common to remove 
the corolla and even the sepals to facilitate the tedious operation of stamen 
excision by fine-pointed forceps. Suction produced by small vacuum devices 
has been used for the effective emasculation of small-flowered legumes (KIRK, 
1930; STEVENSON and KIRK, 1935) and also for a rapid emasculation rate 
in rice (CHANDRARATHNA, 1964). Anthers are aspirated off the opened flowers. 
In large-flowered legumes (e. g. common bemis, see Fig. 2.6) it is sufficient to 
open only one side of the bud by careful removal of one half of the keel 
and exsection of the anthers (BUISHAND, 1956; BOLING et aI., 1961; SINGH 
and MALHOTRA, 1975). In certain sympetalous flowers in which stamens are 
adnate to the corolla, the entire corolla may be pulled off together with the 
stamens. This may be done, for instance, using small scissors with a triangular 
notch (BARRETT and ARISUMI, 1952; CARVALHO and MONACO, 1969). In the 
cultivated tomato the stamens are coalesced to form an anther cone and filaments 
are adnated at their base to the corolla. Since joint vascular bundles lead to 
the corolla and anther cone at the base of the petals (Fig. 2.7), the base of 
two petals can be grasped by a straight forceps with flattened tips and a gentle 
pull can remove and slip the combined corolla and undehisced anther cone 
over the style (BARRONS and LUCAS, 1942; LAPUSHNER and FRANKEL, 1967). 

In a small-flowered species it is extremely difficult to emasculate by forceps, 
needles or even aspiration. Removal of pollen from stamens and stigmata can 
be achieved by fine jets of water, or mist spraying. This procedure has been 
found quite efficient in the emasculation of protandreous flowers such as those 
of lettuce (RYDER and JONSON, 1974). 

2.3.1.2 Male Gametocide 

Emasculation may be based upon differentials in the sensitivity of sporophylls 
to unfavorable conditions. The androecium is in general more tender than the 
gynoecium, and microsporocytes in the pollen sac are less protected by the 
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Fig. 2.6. Crossing technique for beans. (A) the standard is detached and (B) unfolded ; 
(C) the left-hand wing has been removed, and the keel is being removed piecemeal (D 
and E); (F) the stamens have all been removed; (FG) the de~ired pollen is rubbed into 
the stigma; (G) the flower is folded and provided with a numbe,r (redrawn after BUISHAND, 
1956) . 

anther walls than megasporocytes by the wall of the ovary and the protective 
layers of the ovule (integuments). Furthermore, the most sensitive stage in micro
sporogenesis (usually meiosis) often does not coincide with the most sensitive 
stage in megasporogenesis. 
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Fig. 2.7. Diagrammatic longisection of a tomato 
flower prior to anthesis i. e. proper stage for 
emasculation. Vascular bundles indicated by 
broken lines 

A variety of chemicals, mainly growth retardants, have been tested for selective 
gametocidal action after differentiation of the sporogeneous tissue. Ethyl alcohol 
has been found efficient for emasculating open, tripped alfalfa flower buds (TYSDAL 
and GARL, 1940). Spray applications of sodium 2,3 dichloroisobutyrate (DCIB) 
cause male sterility after 2 weeks in cotton (EATON, 1957) and tomato (MOORE, 
1959, 1964), and after 4-5 weeks in clovers and beet (WIT, 1960). Male sterility 
was induced after 2 weeks by sodium dichloroacetate in snapdragon (KHO 
and DE BRUYN, 1962), by maleic hydrazide in tomato (REHM, 1952), by sodium 
1-(P-chlorophenyl)-1,2-dihydro-4,6-dimethyl-2-oxonicotinate in wheat (JAN et aI., 
1974) and by other growth retardants. 

Although male sterility can be induced by chemicals without serious harm 
to female fertility, no chemical gametocides are yet used in practice. The main 
difficulty in the use of chemical gametocides is correct timing of application. 
Proper timing depends not only on the exact developmental stage in microsporo
genesis, but also on absorption, movement and persistence of the chemicals. 
Furthermore, not all flower buds in a plant develop synchronously and repeated 
treatments, often harmful to the plant or female fertility, are usually required. 

To overcome these difficulties a number of growth substances have been 
tried to modify early differentiation of the tissues of the androecium, or to 
modify sex expression rather than to kill microsporocytes. This subject will 
be taken up in Chapter 3 of this book. In addition to the modification of 
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differentiation or sex expression, some growth substances may cause abnormalities 
in microsporogenesis. Thus, 2-chloroethylphosphonic acid, often promoting 
changes toward femaleness when applied early in the development of the plant, 
will, when applied during meiosis, also cause male sterility by inducing abnormal 
additional nuclear divisions in pollen grains of wheat (ROWELL and MILLER, 
1971; BENNETT and HUGHES, 1972), rice (PERETZ et aI., 1973) and other plants 
(MACDoNALD and GRANT, 1974). Another growth regulator, gibberellin, will 
act sometimes as a male gametocide (e.g. in onion-VAN DER MEER and VAN 
BENNEKOM, 1973; or sweet corn-NELSON and ROSSMAN, 1958). Functional 
interference to self-pollination can also be achieved by gibberellin-induced heteros
tyly, in which the stigma extends beyond the stamens before pollen shedding 
(e.g. in tomato-BUKOVAC and HONMA, 1967). 

A somewhat obsolete method of emasculation is employment of temperature 
as a selective gametocide. Immersion in hot water has been used to emasculate 
flowers at or after meiosis. Water temperatures selectively lethal to pollen of 
sorghum (QUINBY and MARTIN, 1954), rice (CHANDRARATHNA, 1964) and other 
grasses (KELLER, 1952) range between 42° and 48°C and immersion periods 
range from 1 to 10 min, depending on the species. The differential sensitivity 
of the androecinum and gynoecium of wheat (RUDORF and JOB, 1934) to low 
temperatures can be used for emasculation (SUNESON, 1937). Immersion of rice 
panicles for 10 min in cold water (0°-4°C) has also been found in certain cases 
to be an effective emasculation method (CHANDRARATHNA, 1964). 

2.3.1.3 Circumvention of Emasculation Requirements 

Hybridization of autogamous plants without emasculation may be achieved 
by preanther-dehiscence pollination or by "genetic emasculation", i. e., utilization 
of male sterility. The utilization of male sterility will be dealt with in Chapter 
3 of this book. 

Preanther-dehiscence pollination is possible when the stigma receptivity pre
cedes pollen shedding sufficiently to allow pollination and pollen germination 
before anther dehiscence. This method is useful in particular for small-flowered 
species in which the expenditure in labor and the damage to the flowers make 
hand emasculation inadvisable. Such a situation exists in the chickpea. In the 
small papilionaceous flowers of this crop, nine stamens with fused filaments 
are placed ventrally around the ovary, leaving the tenth stamen free, situated 
dorsally. Anthers deposit pollen on the stigma within the keel when they grow 
past the style. Hand emasculation is very inefficient and laborious (VAN DER 
MAESEN, 1972). Flower buds may be opened carefully with forceps and pollinated 
when the petals are just starting to come out of the calyx. At this stage anthers 
reach only about half the height of the pistil, and upon pollination fruit set 
reaches normal proportions. RETIG (1971) found that two-thirds of the seed 
were crosses, as indicated by marker genes. It is obvious that such hybridization 
without emasculation must make use of marker genes to identify the crossed 
progeny. 
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2.3.2 Controlled Pollination 

2.3.2.1 Isolation 

To avoid contamination by unwanted pollen, flowers prepared for hybridization 
as well as flowers serving as pollen sources must be isolated. Isolation in strict 
autogamous plants is less critical than in plants showing some NCP. In entomophi
lous flowers, absence or exclusion of vectors by screens, nets, etc., may suffice 
for isolation, if care is taken to avoid contamination during the manipulation 
of flowers and pollen. For anemophilous flowers, paper, plastic or tightly woven 
cloth enclosures must be used and care be taken not only to avoid accidental 
contamination during manipulation but also by airborne pollen during emascula
tion, pollen collection, and hybridization. 

Isolation may be accomplished by enclosure of stigmata, single flowers, inflor
escences, single plants or groups of plants. Isolation of large single entomophilous 
flowers may be accomplished by simply tying or clamping petals and/or sepals 
in order to exclude pollen vectors. With plants having entomophilous flowers 
there are generally no aeration or temperature problems in growing plants 
in screened enclosures. For small plants, cages covered with nylon stockings 
are convenient. Larger cages may be built of fabric bags supported by a collapsible 
skeleton of galvanized wire rings. Such bags can be suspended by a string 
closing the top of the bag and tied to a wire or structure above the bag (see 
KOBABE, 1965). Anemophilous flowers or inflorescences (e.g. grasses) are usually 
isolated by paper, vegetable parchment, glassine, cellophane or plastic bags 
(e. g. synthetic sausage casings). If whole plants or groups of plants are to be 
isolated, filtered air must be supplied to maintain the suitable environment. 
Polyethylene bags may be inflated by a continuous stream of filtered air escaping 
through a second filter in the wall of the bag (KNIGHT, 1966; ENGLAND, 1972). 
Such bags may be fitted with a suitable access for manipulation which can 
be closed airtight, e. g. with screw caps (HARRIES, 1972). Likewise, positive pressure 
(inflated) plastic greenhouses exclude airborne pollen if the inflating air is filtered. 

2.3.2.2 Pollen Collection and Storage 

In many cases pollen is functional already before anther dehiscence and, if 
convenient, may be extracted from the closed anther by a dissecting needle 
or spear-headed scalpel and transferred directly to the stigma. Anthers can 
be surface-sterilized, thus making isolation of the pollen donor unnecessary. 
Similarly, artificial pollination can be accomplished by direct transfer of pollen 
from dehisced anthers of the pollen donor to the stigma. The stigma may be 
touched by the anther or whole flower of the pollen donor, or pollen may 
be applied by means of a transfer tool (forceps, needle blackened toothpick, 
camel brush, pencil point, dental spoon, etc.). Direct transfer of pollen may 
be very convenient for small numbers of hybridizations, but when used on 
a large scale it is more time consuming and requires a larger number of nicked 
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pollen donor flowers than the use of pollen previously extracted by a pollen-collec
tion device. The amount of pollen collected can also be stretched by diluents 
(see STANLEY and LINSKENS, 1974). 

Pollen collection means induction of, or waiting for anther dehiscence and 
gathering the pollen before it is dispersed. If anthers are collected undehisced, 
surface-sterilized, and induced to dehisce under controlled conditions, isolation 
of the pollen donor plant is not required (PETRU et aI., 1964). Inflorescences, 
flowers or anthers may be removed from the pollen donor a few days before 
anther dehiscence and allowed to mature under controlled environmental condi
tion in well-aerated trays, canvas bags, sausage casing, etc. Pollen may be shaken 
off the dehisced anthers (e.g. WRIGHT, 1962; MIRAVELLE, 1964) to settle on 
the bottom of the tray, on paper, sheet glass, a watch glass, beaker, vial, etc., 
or be separated from the anthers by the electrostatic charge between the pollen 
and the dry polyethylene wall of the container while shaking. Certain entomophi
lous flowers may be rubbed on a 16 mesh/in screen to strip the anthers from 
their filaments. Anthers fall through the mesh. After maturation and dehiscence, 
anthers are transferred onto a 60 mesh/in screen placed over a sheet of window 
glass, and rubbed. This frees the pollen, which falls through the mesh onto 
the glass. Pollen can be scraped off with a razor blade into the storage container 
(BARRETT and ARISUMI, 1952). A common practice for the anemophilous grasses 
(e. g. sorghum, corn) is to shake pollen donor inflorescences upon dehiscence 
within their paper or plastic isolation bags in order to dislodge the pollen, 
which will become attached to the wall of the bag or dispersed in the air 
within the bag. The bag is then put over the female or emasculated inflorescence 
to accomplish the simultaneous pollination of many flowers. 

Efficient and large-scale separation of pollen from dehisced anthers may 
require mechanical devices to dislodge and separate the pollen. A large variety 
of shaking, vacuum, sieving and electrostatic instruments are used to fit the 
particularities of different flowers and pollen. Pollen-collecting apparatus designed 
for use with tomatoes are good examples of the application of the vibration 
principle and gravity separation (Fig. 2.8). Portable vibrators may be used to 
extract pollen from flowers on the plant. Pollen may be collected in glass tubes 
(COTTRELL-DoRMER, 1945), gelatine capsules (MARTIN, 1960; CRILL et aI., 1970) 
or small cups (MARCHESI, 1970). However, stationary extraction of previously 
collected flowers is more efficient (LAPUSHNER and FRANKEL, 1967) and stationary 
shaking devices are used in large-scale hybrid seed production by seed companies 
(e.g. DOROSSIEV, 1962). 

Vacuum aspiration of undehisced anthers (KING, 1955) or of pollen from 
dehisced anthers is a common method in pollen collection. There are no difficulties 
in separating anthers from the air stream, but separation of pollen from the 
air stream must be accomplished by filtration, centrifugal force, or air draft
buoyancy gradients (Fig. 2.9). A filter trap may be made of a fine mesh sieve, 
nylon cloth or fritted glass (BARRETT, 1969). Filters get easily blocked by accumu
lating pollen. Pollen separation utilizing centrifugal force does not have this 
shortcoming. Centrifugal separation can be accomplished by "cyclone-type" separ
ators (LINDEN, 1949; OGAWA and ENGLISH, 1955) or "inertia-type" traps (IZHAR 
et aI., 1975). If necessary, the differential buoyancy of aspirated pollen and 
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Fig. 2.8. Examples of vibratory pollen collectors. (1) Portable vibrator; B: Buzzer, L: Vibrator 
loop, F: Position of flower during pollen extraction, S: Switch, H: Handle, W: Wire to 
battery, G: Glass pollen chamber, P: Pollen collection area. (2) Stationary vibrator 
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Fig. 2.9. Examples of vacuum aspiration pollen collectors. (1) Fritted glass filter trap type 
(BARRETT, 1969), (2) Cyclone separator type (after OGAWA and ENGLISH, 1955), (3) Inertia 
trap type (after IZHAR et aI., 1975), A: intake, B: rubber stopper, C: cyclone, D: aspirating 
aperture, E: pollen collection area, F: filter, V: suction source, R: flexible rubber tubing 
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dust may be used to fractionate the functional pollen from foreign matter and 
dead pollen grains. 

Separation of dry, nonsticky pollen from dehisced anthers and from fresh 
or vacuum-dried and crushed flowers can be achieved by sieving. The uniform 
size and shape of the pollen is a good basis for screen separation. 

F or maximum yield of highly viable pollen, collection should take place 
under optimal growing conditions for pollen donor plants. Pollen, being generally 
more sensitive than the female gametophyte, can often be used for pollination 
under marginal conditions if collected and stored under favorable conditions. 
Thus, the season and flexibility in large-scale hand hybridization schedules can 
be extended by pollen storage. Proper conditions for pollen storage and pollen 
viability tests have been outlined in detail by STANLEY and LINSKENS (1974). 
Pollen longevity is discussed in Chapter 1.3.3 of this book. 

2.3.2.3 Pollen Transfer Methods 

2.3.2.3.1 Utilization of Natural Pollen Vectors 

Hand pollination is a time-consuming operation and in commercial hybrid 
seed production usually not economical. Utilization of natural pollen vectors 
for controlled pollination saves the work of pollen collection and hand hybridiza
tion. However, prerequisites for such controlled pollination are numerous: seed 
parents must be emasculated or self-sterile; pollen parents must be "nicking"; 
the pollen supply must be abundant; the environment must be vector-saturated; 
and discrimination of the seed parent by the pollen vector must be absent. 
In autogamous plants, which do not feature barriers to self-pollination, seed 
parents must always be emasculated mechanically, chemically or genetically. 
Seed and pollen parents may be grown in pairs, in small or large groups of 
plants, under vector-saturated enclosures; or be isolated by distance from poten
tial contaminating sources. Potted and emasculated seed parent plants may 
be put into a pollen parent field to produce hybrid seed. 

Good illustrations of problems associated with pollen transfer in autogamous, 
but inherent anemophilous plants, are wheat and rice. After the discovery of 
genetic male sterility and fertility-restoring genes, cross-pollination remains the 
main limiting factor in economical F 1 hybrid seed production. Genetic floral 
characteristics of pollen parents promoting cross-pollination include large and 
extruded anthers with profuse pollen production, ear or panicle level above 
that of the seed parent, and proper nicking (DE VRIES, 1972, 1973; VIRMANI 
and ATHWAL, 1973, 1974). Generally, awnless and tall wheats release more 
pollen than awned and semidwarf wheats (OLSON, 1966). Seed parents should 
feature long stigmata, a high degree of stigma exertion, and proper flowering 
pattern and duration. Since pollen dispersal is inversely proportional to the 
distance from the pollen source and seed set decreases rapidly beyond a distance 
of 3 m (see e. g. KHAN et aI., 1973), the planting design is of extreme importance. 
The distance from the pollen source and consequent width of the male-sterile 
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strips, the overall ratio of pollinator to male-sterile plants in the field, and 
the upwind location of the pollen parent, influence the extent of seed set on 
the male-sterile plants. In experiments by DE VRIES (1974), a 2-m male-sterile 
strip and a 1: 2 ratio of pollinator to male-sterile plants yielded the highest 
quantity of hybrid wheat seed (Fig. 2.10). For the production of hybrid sorghum 
seed, a 1: 3 ratio of a succession of 12 male-sterile seed parent rows and four 
pollen-parent rows is customary, indicating a broader dispersal of sorghum 
pollen (QUINBY and SCHERTZ, 1970). 
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With autogamous, inherently entomophilous plants the genetic floral charac
teristics promoting cross-pollination in the open field are those making them 
attractive or accessible to the vector. Thus, e. g. in flax, the degree of floral 
opening (disk-form flower) of the pollen and male-sterile seed parents is important 
(COMSTOCK, 1965; DUBEY and SINGH, 1966), and in male-sterile tomato, stigma 
exertion beyond the mouth of the anther tube is naturally a prerequisite to 
insect-mediated crossing (see RICK, 1950). Genetic variation in attractiveness, 
based on quality or quantity of the vector or of the pollen offered by the 
crop and the individual flower, may be exploited or must be avoided as in 
the case of extra-floral nectaries in cotton, distracting the vector's attention 
away from the flowers. 

The absence of pollen in the male-sterile seed parent may cause difficulties 
in utilizing voluntary pollen vectors for hybridization. If nectar is secreted in 
both the pollen and male-sterile seed parent (e. g. in cotton, pepper, flax, tobacco, 
field beans), voluntary vector activity could be based on nectar gathering (see, 
e.g. BOND and HAWKINS, 1967). However, if no nectar is secreted (e.g. in 
tomato), voluntary vectors will soon ignore male-sterile flowers and restrict 
their activity to pollen-gathering from pollen-fertile flowers only. Thus, we can 
employ involuntary pollen vectors (e. g. thrips, beetles or wind) or increase artifi
cially the frequency of "trial and error" visits of voluntary pollen vectors. To 
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mislead pollen-gathering bees, seed of the two parents may be mixed or be 
planted in close alternate rows so that discrimination between male-sterile and 
fertile plants before entering the flower becomes arduous. If pollen-parent plants 
cannot be roughed from the field or harvested separately, hybrid seed can be 
sorted from male parent seed if genetically marked by color or size (e. g. in 
onions, DAVIS, 1966; in field beans, BOND and HAWKINS, 1967; in flax, BARNES 
et al., 1960), or hybrid plants can be selected on the basis of seedling marker 
genes (e. g. in peppers, CH. SHIFRISS, pers. comm.). 

Number, location and condition of honey bee colonies or of other potential 
pollen vectors decisively influence efficiency of crossing. For best results, vectors 
could be conditioned or trained to the target crop. Conditioning includes moving 
bee hives to the crop not before flowering starts, and to replace colonies which 
start foraging on crops other than the target (FREE, 1970). In some cases it 
is possible to direct and train bees for a particular crop by "scent feeding" 
(VON FRISCH, 1947, 1967). A number of techniques have been advocated to 
increase pollination activity and efficiency of honey bees: pollen trapping (LIN
DAUER, 1952), sugar syrup feeding (FREE, 1965), and pollen-dispensing devices 
("pollen inserts"), hopefully charging outgoing foragers with the proper pollen 
(TOWNSEND et al., 1958; GRIGGS and IWAKIRI, 1960; JAYCOX and OWEN, 
1965). 

Pollen may also be dispensed in the open field or within isolation enclosures, 
and transferred by natural vectors by placing detached inflorescences ("bouquets") 
of the pollen parent near the seed parent. This method has been used since 
the early domestication of dioecious (or functional dioecious) fruit trees to insure 
proper pollination in the anemophilous date (OUDEJANS, 1969) and the entomo
philous fig (FREE, 1970); it is also used to a certain extent in deciduous tree 
orchards (LOTTER, 1960). With autogamous anemophilous plants, detached 
inflorescences are commonly used in the so-called "approach crossing" techniques. 
In this technique, used in wheat (CURTIS and CROY, 1958), barley (ROSENQUIST, 
1927), oats (McDANIEL et al., 1967) and rice (ERICKSON, 1970), the pollen 
donor inflorescence is put slightly above the emasculated inflorescence and bagged 
or enclosed in opposite ends of a plastic sleeve. The cut ends of detached 
inflorescences are sometimes placed in water containers to achieve normal pollen 
shedding. Handling can be facilitated by growing plants in pots and several 
inflorescences can be enclosed under the same isolation bag or cage. 

Approach crossing with entomophilous plants in enclosures is used in plant 
breeding to save hand pollination, avoid contamination in the open field, and 
speed up the breeding program (by utilizing out-of-season time to grow additional 
generations in greenhouses, etc.). Problems arising with the confinement of the 
insect vector are usually the only ones in the controlled hybridization of alloga
mous plants (see e. g. KRAAI, 1954). Bumble bees work well in confinement 
(e.g. with broad beans; BERTHELEM, 1966); honey bees are easier to obtain, 
but may require larger enclosures than bumble bees (FREE, 1970); flies are 
used extensively for hybridization in small isolation cages of myophilous crops 
such as onions (JONES and EMSWELLER, 1934), carrots (BORTHWICK and EMS
WELLER, 1933) and Brassicaceae (WIERING, 1969). Caging autogamous, inherently 
entomophilous crops with pollination insects which have been cleansed first 
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of contaminating pollen, appears to work satisfactorily in crops with a slight 
NCP. Thus, male-sterile cotton produced 84 % of the seed of the maintainer 
line when caged with honey bees in a relative large cage (MOFFETT and STITH, 
1972), and good seed set was obtained on single male sterile pepper plants 
caged with fertile maintainer and houseflies in small screen enclosures (unpub
lished observation). Lack of attraction and timing of stigma receptivity make 
attempts to utilize insects for the pollination of many complete seifers, such 
as tomatoes, soybean and lettuce, problematic. Approach crossing of fruit trees 
can be facilitated by grafting scions of one variety into an older, isolated tree 
of a second variety using the scion as the female parent (see e. g. BERGH and 
STOREY, 1964). 

2.3.2.3.2 Forced Pollination 

Forced pollination may be carried out by hand or compressed air devices. 
Large scale application of anemophilous pollen can be made easily by compressed 
air dusters. The difficulties posed by placing male inflorescences into high date 
palms and the waste of pollen in such procedure brought about the use of 
a variety of ground level equipment (OUDEJANS, 1969; VIS et aI., 1971) and 
fixed wing aircraft or helicopters (BROWN, 1966) for the application of pollen. 
In hybridization programs with inherently anemophilous plants, flowers of the 
seed parent can be pollinated by pollen dispersed into the isolation bag with 
the help of polyethylene puffer bottles, glass tubes and blowers, injection syringes, 
insecticide pressure sprayers or dusters and the like (see e. g. BARRETT and 
ARIZUMI, 1952; BENARD and MALINGRAUX, 1965; TAMMES and WHITEHEAD, 
1969). 

For economical use and even distribution, pollen dilution by inert substances 
such as wheat or cornflour, kaolin, carbo la, magnesia or other tales, lycopodium 
powder, casein, egg albumin, nutshell flour, ground cellulose, glass beads, dead 
pollen and other diluents have been tried. Basically, diluent's particles should 
not stick to the pollen, not lump, be of similar size and weight as the pollen 
grains, not be hygroscopic and be inert to the pollen and stigma. The degree 
of pollen dilution must be determined in each case and depends on pollen 
viability, stigmatic surface, number of seeds per fruit, climatic factor, method 
of application and physical characteristics of the pollen and diluent. Low pollen 
filtration ability of stigmata and often high numbers of seed per fruit common 
in entomophilous plants, decrease effectiveness of forced, overall pollen dispersal. 
Nevertheless, in certain cases, increased fruit set has been claimed as a result 
of forced pollination by diluted pollen of apples, grapes and other fruit trees 
(OVERLEY and BULLOCK, 1947; PFEIFFER, 1948; GARDNER, 1966). 

Economy of pollen use, provided by pollen dilution, is of special importance 
in artificial hybridization programs and in the production of high value hybrid 
seed (e. g. tomato, petunia) when pollen must be applied to each individual 
stigma. The pollen may be applied to the stigma by transfer tools such as 
mentioned above or, preferably, directly from a pollen collection or storage 
container in the form of a vial, or J shape or straight glass tubes (Fig. 2.11). 
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Fig. 2.11. Pollen containers used directly as pollen application tools. (1) Puffer bottle for 
anemophilous plants. (2) Glass tubes for entomophilous plants 

The use of the latter is less wasteful of pollen and less time consuming than 
the use of intermediary tools transferring pollen from the pollen container to 
the stigma. The flow chart in Fig. 2.12 outlines methods in manual pollen 
transfer. 
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Fig. 2.12. Chart of manual pollen transfer methods. 1: Flower--> Flower, 2: Flower-->transfer 
tool-->f1oWer, 3: Flower--> storage container-->transfer tool->f1ower, 4: Flower-->storage con
tainer->f1ower 
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Marking of artificially pollinated flowers or flower clusters is necessary when 
the seed parent is pollen fertile. Removal of flowers or fruits from uncontrolled 
pollination, though sometimes required to obtain optimal fruit set and seed 
count from the controlled pollination, is usually not reliable enough to assure 
harvest of pure hybrid seed. Flowers can be marked by clipping part of the 
calyx, by paint, piCl:ces of plastic covered wire, tags and the like. 



Chapter 3. Allogamy 

3.1 Sexual Reproduction-Structures and Functions 

In this chapter we shall turn our attention to the flower. We shall look into 
some of the structures and functions of the anther and the male gametophyte 
as well as of the ovule and the female gametophyte. We shall concentrate on 
those features which will help in a better understanding of sex expression, self
incompatibility and male sterility. For more information and references, the 
reader should consult such specialized texts and reviews as those of MAHESHW ARI 
(1950) and HESLOP-HARRISON (1972 and 1975). Sexuality, reproduction and 
alternation of generation in plants were treated thoroughly by several authors 
in volume 18 of the Encyclopedia of Plant Physiology (RUHLAND, 1967). We 
shall handle only angiosperms in the first four sections of this chapter. The 
gymnosperms will be represented by the conifers, which comprise many economi
cally important forest trees. A brief description of the sexual reproduction of 
the conifers will be given in the last section of this chapter. 

3.1.1 The Anther and the Male Gametophyte 

3.1.1.1 Differentiation of the Anther 

The anther is the particular part of the stamen responsible for the production 
of micros pores; the latter develops further into pollen grains. The anther consists, 
typically, of four elongated thecae (Figs. 3.1 and 3.2). By homology to lower 
plants, the stamen may be termed microsporophyll and the anther-microsporan
gium. In the young anther there is a homogeneous population of meristematic 
cells surrounded by epidermis. Later, during its ontogeny, the anther attains 
typically a four-lobed structure. Within these lobes an acheosporium is then 
formed and a further differentiation into two kinds of tissues takes place. One 
of them-the primary parietal layer-toward the outside, the other-the primary 
sporogeneous tissue-toward the center. The former will form the wall of the 
anther, which may attain in specific species variable thickness, but in all cases 
the inner layer of cells surrounding the sporogeneous tissue will form a unique 
tissue: the tapetum. This layer plays an important role in most species, in respect 
to the nutrition of the microspores. According to recent detailed work reviewed 
by HESLOP-HARRISON (1972, 1975), it has also an important role during the 
maturation of the pollen grain and is thus involved in certain incompatibility 
reactions of the mature pollen. 
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3.1.1.2 The Tapetum 
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Fig. 3.1. General structure of a stamen 

This tissue goes through a programmed sequence of structural and chemical 
changes in coordination with events in the underlying sporogeneous tissue. The 
differentiation of the tapetum differs in different plant groups, but in general 
terms two major types of tapeta can be recognized. In the parietal (or secretory) 
tapetum, plasmodesmata previously established among the anther cells are being 
disconnected in two places: between the tapetum cells and the outer wall cells, 
and between the tapetum cells and the inner sporogeneous cells. The connections 
between the cells within the tapetum layer are retained, and at about midmeiotic 
prophase (see below), these connections are vastly enlarged and cytoplasmic 
channels are found. Further cuticularization in layers toward the outer wall 
of the tapetum cells is in some cases established. The inner periclinal wall 
of the tapetum layer becomes gelatinous and later small spheres of a specific 
polysaccharide, sporopo/lenin, may be added. Thus, at a certain stage of meiosis 
in the sporogenic tissue, the whole tapetum can be looked upon as a unit 
secretory gland with the sporogeneous tissue as its only target. At a later stage, 
when the tapetum has terminated its nutritional role, it degenerates with its 
remnants including the sporopollenin spheres investing the pollen grains. This 
relatively late phase of coating and impregnating the pollen grain with tapetal 
material is of great significance to the sporophytic type of self-incompatibility. 
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Fig. 3.2 A, B. Cross sections of anthers. (A) at the premeiotic stage ; (B) at dehiscence 

The invasive (or amoeboid) tapetum differs principally from the parietal tape
tum in that, in the former a direct contact between the cytoplasmic mass of 
the tapetum and the sporogeneous cells is established. This type of tapetum 
is less common but does exist in several monocotyledonous and dicotyledonous 
families. In species with invasive tapetum, both the walls between the tapetum 
cells and those between the tapetum and the sporogeneous cells are being comple
tely disintegrated. A continuous cytoplasmic envelope is formed, without an 
inner wall to separate it from the sporogeneous tissue. When the latter is in 
a certain phase of the meiotic division (see below), the periplasmodial tapetum 
mass invades the sporogenic tissue. 

3.1.1.3 Development of the Sporogeneous Tissue 

The sporogeneous cells undergo a series of changes on their way from the 
relatively undifferentiated meristematic state through the formation of tetrades 
and finally pollen grains. We shall review these here only briefly, and emphasize 
those features which are relevant for understanding sex expression, self-incompati
bility and male sterility. Regarding the alternation of generation, the last phase 
of the sporophytic generation is attained when the sporogeneous cells become 
meiocysts; these are usually termed pollen mother cells (PM C). The differentiation 
into PMC differs among species. In many species only a fraction of the sporo-
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geneous cells become PMC, with characteristic prominent nuclei and nucleoli; 
the rest may take the role of nourishing cells (e. g. when the tapetum is only 
vestigial). When the PMC start the process of meiosis, the transition between 
the sporophytic and the gametophytic generation ensues. 

3.1.1.4 Microsporogenesis 

The cytological aspects of this process will be dealt with here rather briefly. 
The reader is referred to specific reviews (e. g. JOHN and LEWIS, 1973; STERN 

and HOTTA, 1974) for more details. There are two meiotic divisions, termed 
meiosis I and meiosis II. The first is usually divided into five major phases: 
prophase, metaphase I, anaphase I, telophase I and interphase. The first of these 
is the longest and is subdivided into six phases. Meiosis II is divided into 
three phases: metaphase II, anaphase II and telophase II. Obviously the process 
is a continuous one and these phases serve merely as references. The cytologic 
process differs among plant species but finally, after telophase II, four separate 
cells, forming the tetrad, are established in almost all cases. These are the micro
spores. The name tetrad stems from the observation that the cells usually occupy 
the four corners of an imaginary tetrahedron. With the end of meiosis (formation 
of the microspore) we may speak about the male gametophyte. Its 'sex', as 
mentioned above, is imposed on it by the character of the sporangium-the 
anther. 

Certain features of the process starting from the diploid (217) PMC and 
terminating with four haploid (17) microspores, the tetrad, should be noted. 
These features, although up to now observed in detail in only a few plants, 
are probably common to angiosperms and characteristic of, if not essential 
to, the successful development of the gametophyte. First, at a stage of premeiosis, 
specific in detail for each species, the PMC of each loculus join into a synchronic 
state. At this phase there are already cytoplasmatic connections between these 
cells in the form of plasmodesmata. At about midmeiotic prophase these connec
tions start to widen and cytoplasmic channels are produced. The channels develop 
further and then cover a rather large fraction of each cell's surface-up to 
1/5. By this, all the PMC of each loculus produce a unit syncytium which 
not only goes through meiosis in synchrony but is physically intraconnected, 
so that when pressed out from the anther it stays in the form of one mass 
of tissue. The increase of intracellular connections in the PMC parallels the 
formation of similar connections in the tapetum, as mentioned earlier. Contrary 
to older claims, there is no evidence that through the cytoplasmatic channels 
there is an interchange of chromatin ("cytomix") among the PMC. There is 
evidence for protoplasmic streaming through these channels and it is not ruled 
out that cytoplasmic organelles may pass from cell to cell. The cytoplasmic 
connections are closed at a stage which varies according to species-between 
metaphase I and telophase II-so that, at the latest, with the formation of 
the tetrades the connection between the young microspores is terminated. Callose, 
a polysaccharide specific for the stages leading to the formation of the pollen 
grain, has probably a major role in securing the final isolation of the microspores. 
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This callose is first deposited on the inner side of the PMC walls at the stage 
when the massive cytoplasmatic connections between the PMC are formed. 
We shall return to the synthesis and degradation of callose in more detail 
while handling male sterility. 

Another important feature is the 'cytoplasmic clearing' of the meiocysts. 
The ribosome population, quite dense in the young archesporial cells is drastically 
reduced in number in meiotic prophase. Then, still in prophase, a remarkable 
simplification of plastids and mitochondria takes place. These cells are thus 
attaining meiosis I, and in some plants meiosis II, with a 'clear' cytoplasm. 
HESLOP-HARRISON (1972) discussed this interesting phenomenon and regards 
it as an essential process in the transition between the diploid sporophytic 
phase and the haploid gametophyte. 

3.1.1.5 From Microspore to Pollen Grain 

The young microspore has a centrally located nucleus and dense cytoplasm. 
It is haploid, having half the number of chromosomes and half the amount 
of DNA in its nucleus, relative to the somatic cells of the same species. The 
microspore increases its volume and a vacuole, occupying a considerable portion 
of its volume, is formed. The nucleus may divide almost immediately upon 
microspore formation, which is the case in most species, or the division is 
delayed for days or even months (the long delay occurs in tree species of the 
colder regions, e. g. Betula odorata). 

The division of the microspore gives rise to two kinds of cells: the vegetative 
cell-occupying most of the microspores' volume, and the much smaller generative 
cell (Fig. 3.3). The latter cell normally takes a position near the cell wall of 
the microspore but may later move to a more central position. The spatial 
arrangement of the mitotic spindle in this asymmetric division is not random; 
there are factors which regulate this arrangement but the discussion of this 
subject, although of considerable interest, is outside the scope of this book. 

At the end of the asymmetric division we are confronted with two very 
different cells, each surrounded by its own plasma membrane. We should note 
that in spite of this difference in structure, the nuclei of these cells most probably 
share the same genetic formation. As exemplified in Fig. 3.3, the vegetative 
cell has typically an organelle-rich cytoplasm and its nucleus appears to be 
metabolically active. The generative cell has a small volume of cytoplasm which 
is poor in organelles and its nucleus is apparently npt metabolically active. 
The two cells develop within one 'pollen-cell' and have a common cell wall 
system. Some more details on microspore and 'pollen-cell' deVelopment will 
be given in the section dealing with Androgenesis. We shall confine our subsequent 
discussion to the pollen wall, as this wall and its inclusions have an important 
role in the process of pollen germination and are of special interest in respect 
to self-incompatibility. 

In gross terms the pollen grain has two main wall-layers. The first-produced, 
outer layer, is composed of sporopollenin, a material characterized by an oxidative 
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Fig. 3.3. Section through a microspore of Haemanthus katherina after first mitotic division. 
Note large vegetative cell with vegetative nucleus (vn) situated close to the germination 
pore (I) and small generative cell boundered with its plasmalemma (gw). Electron micrograph 
( x 4,000) (from SANGER and JACKSON, 1971) 

polymer of carotenoids and carotenoid esters. The later-produced, inner layer, 
is composed of a pectocellulosic material. 

The inner layer, the intine, is the product of the young gametophyte: its 
synthesis starts after the vegetative cell is differentiated. Ultrastructural studies 
showed that dictyosomes are located near the cortical layer of the vegetative 
cytoplasms. These are probably instrumental in the layering of the intine. However, 
the picture seems to be more complicated than the formation of a regular 
primary cell wall, as proteinous particles are included in this wall. The intine 
is thus not an inert structure, as these proteins include also specific enzymes. 
In the intine there usually are one or more germination apertures. The proteins 
of the intine are probably involved in the self-incompatibility reaction. 

The outer pollen grain layer, the exine, shows usually a distinct stratification. 
The inner part is termed nexine, while the outer- which is typically sculptured- is 
termed sexine. Most pollen grains have above the nexine a layer of columns 
or rods which are mushroom-shaped and termed bacula. The 'hats' of these 
structures may either be fused to give a roughly closed roof, or unfused. A 
structure is thus formed, reminiscent of a hypocaust of the Roman bath. The 
space in this hypocaust is closed toward the outside. The outside closure is 
not complete, as small pores are revealed by ultrastructural studies (Fig. 3.4). 
It is from the outside that tapetal material is impregnated into or deposited 
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Fig. 3.4 a and b. Surface of Cosmos binnatus pollen. (a) scanning electron micrograph 
showing spine (s) and microspores (m). (b) diagram of wall stratification, small cavities 
have been omitted for simplicity (from HOWLETT et aI., 1973) 

over the pollen wall. This later deposition in most cases includes lipid substances, 
thus giving the pollen the typical surface layer. It should thus be noted that 
the pollen wall contains mobile fractions derived in part from the gametophyte, 
and as this takes place after the cytoplasmic clearing, it is most probably coded 
by the gametophyte genome; and in part, from the tapetum-therefore, coded 
by the genome of the sporophyte. 

3.1.2 Androgenesis: Production of Haploid Plants by Anther 
and Pollen Culture 

3.1.2.1 Haploid Plants-Occurrence, Induction, and Identification 

As pointed out above, the gametophytic and sporophytic generations in higher 
plants are normally haploid and diploid, respectively. However, haploid sporo
phytes do exist (e. g. in Nicotiana, Crepis, Antirrhinum and Zea) and were reported 
by BLAKESLEE et al. (1922) over fifty years ago. Thus, the haploid condition 
cannot be regarded as causal for gametophytic differentiation. The potential 
value of haploid sporophytes for breeding as well as for studying basic questions 
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of plant biology has been mentioned repeatedly since the early years of this 
century. Reference to the above can be found in the articles and reviews of 
HARLAND (1955), CHASE (1956), KIMBER and RILEY (1963), MELCHERS and 
LABIB (1970), COLLINS et al. (1972), and PANDEY (1973). 

Haploid sporophytes can originate from either the microspore or one of 
the haploid cells of the embryo sac. Until 1964 the latter way was the common 
source of haploid plants. Such plants occurred naturally, usually at very low 
frequencies, or were induced by facilitating parthenogenesis. Methods were devised 
to identify haploid plants among progenies composed mostly of diploids. Thus, 
BURK (1962, 1970) used leaf-color markers to identify tobacco haploid seedlings. 
STOKES (1963) devised a method to select haploid tobacco plants based on 
two types of tobacco lines. One line was TMV (tobacco mosaic virus)-sensitive: 
infected plants could be recognized but were not killed by TMV. The other 
line was hypersensitive to TMV and killed by infection with this virus. The 
gene for hypersensitivity (N) is dominant. When a TMV-sensitive plant was 
pollinated by a TMV-hypersensitive plant, all the diploid progeny produced 
by normal fertilization were heterozygous and thus killed by TMV infection. 
Haploid sensitive plants survived and could be rescued, checked for ploidity, 
and made diploid by colchicine treatment. This method was presented here 
in some detail because it may, with some amendments, be of general use for 
the selection of haploid plants. In practice, Stokes' method turned out even 
in his own hands to be "slow and tedious". DE NETTANCOURT and associates 
used thermal neutron-irradiated pollen to induce parthenogenesis and leaf markers 
to select tomato haploids (ECOCHARD et aI., 1969). A Lycopersicon esculentum 
line, homozygous for three leaf markers, was pollinated with irradiated Lycopsicon 
pimpinellifolium pollen. Those workers obtained about 20,000 seeds which resulted 
in 7,400 seedlings, out of which 37 had all three recessive markers but finally 
only two surviving plants could be verified as haploids. Another method based 
on interspecific hybridization was developed by KASHA and KAO (1970). It 
is based on selective elimination of H. bulbosum chromosomes from the developing 
zygote of the cross between this species and Hordeum vulgare (barley); thus, 
haploid barley embryos could be cultured and haploid plants were obtained. 
These as well as other methods, which can be found in the literature cited 
above, produced interesting information, but due to inefficiency were generally 
not very useful in serving as standard aids in plant breeding. 

3.1.2.2 The Production of Haploid Callus and Embryoids by Anther 
and Pollen Culture 

The first demonstration of the direct emergence of embryoids from in vitro-cul
tured anthers resulted unintentionally in an investigation planned for "studying 
factors which regulate meiosis and cell division". It was reported for Datura 
innoxia by GUHA and MAHESHWARI (1964) of Delhi, who observed that under 
certain culture conditions, "embryo-like structures projected out of the (cultured) 
anther from all sides". These investigators inferred, in their first report, that 
the embryos originated either from the pollen grains or the connective tissue 
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and no mention was made of the ploidy of the embryos; nor were the latter 
cultured further to give seedlings. Such seedlings were obtained subsequently 
and they were found to be haploid (GUHA and MAHESHWARI, 1966, 1967). 
The same investigators were also aware of the potentialities of their discovery 
but added the remarkable note that "plants raised in this way are bound to 
be heterogeneous". 

The Delhi discovery was apparently forgotten for three years until it was 
taken up, almost simultaneously, about 4,000 miles east and west respectively 
of Delhi. Thus, following the above pioneering work, haploids were produced 
by anther culture in Nicotiana (BOURGIN and NITSCH, 1967) and in rice (NnzEKI 
and OONO, 1968). While in tobacco as in Datura the embryoids seemed to 
develop directly from the pollen cells, cultured rice anthers produced callus 
from which, subsequently, plants regenerated. Thereafter, a wealth of reports 
demonstrated the attainment of haploid callus and plantlets from in vitro-cultured 
anther and pollen grains. The practice of utilizing anther and pollen grain 
culture for the attainment of haploid plants (coined by some investigators-andro
genesis) became quite fashionable and widespread in respect to both the number 
of investigators and of plant species in which this method was tried (Fig. 3.5). 
Albeit, the number of families in which successful embryogenesis was reported 
is still small. Anther culture was recently reviewed by SUNDERLAND (1973, 
1974), who tabulated most of the successful demonstrations of androgenesis 
up to 1973 and also discussed the culture conditions recommended for the 
attainment of haploid plants. Table 3.1 is based on SUNDERLAND'S reviews 
and gives some additional references; it lists 19 genera in which androgenesis 
was demonstrated. Obviously, this table does not refer to the many unsuccessful 
attempts made repeatedly by many investigators. Unfortunately, no or only 

Fig. 3.5. Androgenesis: emergence of haploid plantlets from an in vitro cultured Nicotiana 
tabacum anther 
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Table 3.1. Partial list of genera in which an androgenesis was reporteda 

Family 

Cruciferae 

Generiaceae 
Gramineae 

Liliaceae 
Solanaceae 

Genus 

Arabidopsis 
Brassica 
Saintpaulia 
Aegi/ops 
Agropyron 
Festuca 

. Hordeum 
Lolium 
Oryza 

Secale 
Setaria 
Triticale 
7J'iticum 

Asparagus 
Atropa 

Datura 

Lycopersicon 
Capsicum 
Nicotiana 

Petunia 
Solanum 

Reference 

SUNDERLAND (1974)b 
SUNDERLAND (1973)b; THOMAS and WENZEL (1975b) 
HUGHES et al. (1975) 
KIMATA and SAKAMOTO (1971); SUNDERLAND (1974)b 
KIMATA and SAKAMOTO (1971) 
SUNDERLAND (1973)b 
SUNDERLAND (1973, 1974)b 
SUNDERLAND (1973)b 
NIIZEKI (1968); Woo and TANG (1972); Woo et al. 
(1973); SUNDERLAND (1973)b 
THOMAS and WENZEL (1975a); THOMAS et al. (1975) 
SUNDERLAND (1974)b 
SUNDERLAND (1974)b 
CRAIG (1974); KIMATA and SAKAMOTO (1971); SUN
DERLAND (1974)b 
SUNDERLAND (1973)b 
RASHID and STREET (1974a); SUNDERLAND (1973, 
1974)b 
NORREEL (1970); SOPORY and MAHESHWARI (1972); 
SUNDERLAND (1973, 1974? 
SUNDERLAND (1973, 1974)b 
SUNDERLAND (1974)b 
BURK (1970); ENGVILD (1974); HARN and KIM (1971); 
NILSSON-TILLGREN and WETTSTEIN-KNOWLES 
(1970); RASHID and STREET (1974b); SUNDERLAND 
(1973, 1974? 
SUNDERLAND (1973, 1974)b 
SUNDERLAND (1973, 1974)b; ZENKTELER (1973) 

a The literature was reviewed up to October 1975. 
b These are review articles in which reference was made of original papers. As these articles 

give a thorough coverage of literature on androgenesis, the reader interested in detail 
is referred to them. 

little successful androgenesis was reported up to now in most of the crops 
of major economic value, such as wheat, corn, soybeans and cotton. Moreover, 
even in several economic crops where androgenesis was established, the attainment 
of haploid plants is far more difficult than in Nicotiana and Datura. Thus, 
while in some N icotiana tabacum varieties and Datura species up to 100 % 
of the cultured anthers resulted in haploid plantlets, only very rarely did anthers 
of Gramineae species (with the exception of O. sativa) result in such plants, and 
even when they did, the plants obtained were in most cases albino. The work 
of CRAIG (1974) on androgenesis of bread wheat may illustrate the 'state of 
the art' with such crops. Only one cultivar out of several tested resulted in 
haploid plants by anther culture. Of this variety, 550 anthers were cultured, 
after parallel anthers of the same florets were examined for determination of 
the proper stage. Only one of the anthers resulted in haploid callus which 
could be regenerated to give nine haploid plants. Recent studies of androgenesis 
are based on a wealth of experience gained in many laboratories; it is thus 
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anticipated that they will result in expanding the utilization of anther culture 
in crop plants. Such studies actually resulted recently in success in wheat andro
genesis (PICARD and DE BUYSER, 1975; RESEARCH GROUP 301,1976). 

3.1.2.3 Pathways of Pollen Embryogenesis 

It seems now that in most or in all cases in which cultured anthers resulted 
in embryoids, the latter originated from the haploid gametophytic cells rather 
than from the diploid tissue of the anther. In cases where callus rather than 
embryoids result from anther culture, the gametophytic origin is probably also 
the rule, but this question should be answered in each case in a satisfactory 
way, e. g. by the use of anthers from plants which are heterozygous for a morpholo
gical marker. 

Even in the most successful androgenesis, only a very small number of 
the microspores are involved in embryogenesis. Other microspores may germinate 
within the cultured anther, pass through stages which do not lead to androgenesis, 
or just stay at the same stage as they were at the beginning of culture and 
ultimately degenerate. Moreover, out of those microspores which start on the 
right pathway, only very few ultimately produce embryoids. 

The early androgenetic cell divisions take place within the intact intine; 
the latter then bursts and the spherule of emerging cells will either develop 
directly in an organized way through embryoids to plantlets (common in Datura 
and Nicotiana and reported for Atropa, Oryza and Petunia), or these spherules 
will produce callus and the callus may ultimately differentiate into plantlets 
(e.g. Asparagus, Brassica, Hordeum, Lycopersicon and Solanum). One should 
keep in mind that our information is still incomplete; differences in the above 
pathways may occur within the same genus and even among varieties of the 
same species. Culture conditions may affect not only the degree of successful 
androgenesis but also cause changes in the pathway. Figure 3.6 shows schemati
cally several pathways of androgenesis in Datura. From these schemes it should 
be noted that when the first results of anther culture are callus spherules rather 
than embryoids, the former may fuse before plantlet differentiation. In hetero
geneous donor plants this fusion may result in chimeras. 

The detailed pathways of pollen embryogenesis are being revealed by recent 
studies (see SUNDERLAND and DUNWELL, 1974; RASHID and STREET, 1974b). 
These are as yet based on only a very small number of species. The short 
description given below will thus serve for general orientation; for details, the 
reader should consult the original publications. 

Pollen embryogenesis can be classified into two main pathways (A and B) 
and an additional, probably less common pathway (C). In these three pathways 
the diversion from the normal sequences of gametophyte ontogeny does not 
occur before midphase 2 of the microspore (Fig. 3.7). We may recall that at 
this stage the microspore is enclosed within the intine. It has a large vacuole 
which occupies most of the cell's volume; the nucleus is commonly situated 
near the cell wall and has a prominent nucleolus. 
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Fig. 3.6. Scheme of possible development of embryoids from Datura il1lloxia microspores 
following anther culture (from IYER and RAINA, 1972) 

Tyl>t A 

Fig. 3.7. Developmental sequence in 
angiosperm pollen. Type A : common 
in vivo sequence. Type B: probably 
an anomalous in vivo form which may 
occur during in vitro culture of anthers 
(from SUNDERLAND, 1973) 

In the type A pathway the first mitotic division of the microspore goes 
to normal completion. This asymmetric division results in two cells: (1) the 
small generative cell, which is very poor in cytoplasm and most of its volume 
is occupied by the generative nucleus and is located near the intine; and (2) 
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the vegetative cell, which includes a diffuse nucleus, most of the cytoplasm 
and the vacuole (Fig. 3.3). The microspore then passes a period of "reorganization" 
during which there seems to be a clearing of cytoplasmic organelles, reminiscent 
of the previous clearing in mid-prophase of meiosis. It was even supposed that 
specific hydrolytic enzymes in vacuole-like vesicles have an active role in the 
destruction of polysomes, mitochondria and plastids. Thereafter, the vegetative 
nucleus, which also changed during the reorganization period, passes through 
a normal mitosis and organelles are reestablished. The generative cell is 'mute' 
and does not take part in further development. Further normal division will 
lead to a multicellular structure surrounded by the intine. 

In the type B pathway the diversion from normal development starts right 
after formation of the uninuclear microspore. Rather than an asymmetric mitosis, 
two similar cells are produced by the first mitotic division and no generative 
cell occurs. Frequently, incomplete cell plate formation and mitotic figures indi
cated that more than one chromosome complement combined in the same 
cell. These anomalies may result in partial diploidy or even polyploidy of the 
cells included in the microspore of the type B pathway. These two pathways 
are presented diagramatically in Fig. 3.8. 

It is obvious that both type A and type B pathways do occur during anther 
culture. The disagreement concerns only the question as to which of these 
leads finally into embryoid formation. The argument may be settled if in anthers 
where all microspores have passed mitosis, embryoids will form upon in vitro 
culture. If this will be affirmed, type A pathway will be established at least 
as one of the two possibilities. 

Type C pathway was observed in D. innoxia but may occur in additional 
species. This pathway begins as type A, but the generative nucleus takes part 
in some embryogenic events, i. e., during some of the mitoses generative and 

@ Microspore nucleus 

B pattern 

Fig. 3.8. Two possible pathways (A pattern and B pattern) of androgenesis in microspores 
of in vitro cultured anthers 
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vegetative chromosomes probably share the same spindle. The significance of 
this pathway to androgenesis is not yet clear. 

From the viewpoint of the application of androgenesis to plant breeding, 
which shall be discussed briefly below, the three pathways differ in an important 
aspect: while type A probably results usually in haploid embryoids, the other 
two pathways may lead, due to incomplete cell plate formation, to diploids 
or even to higher ploidy. Nevertheless, one should keep in mind that unless 
the contents oftwo or more pollen cells mix during the later phases of androgenesis, 
the resulting androgenic plants will still be either hemizygous or homozygous. 

3.1.2.4 Factors Affecting Androgenesis 

Many factors were reported to affect the success of androgenesis. Some of them 
are confined to specific species or even cultivars. We shall thus not detail them 
here but rather list them, adding a few remarks in each case. For additional 
information, the reader is referred to SUNDERLAND (1974). 

3.1.2.4.1 Culture Conditions 

These include composition of the culture medium and temperature and light 
conditions during incubation. While some species do not require plant hormones 
in the medium, others do. On the other hand, auxins tend to favor callus 
rather than organized development. Among the minerals, the iron level seems 
to have an important role in the induction of androgenesis. Special techniques, 
like extracts of anthers, anther precooling, the use of nursing tissue, and the 
addition of charcoal, were reported to improve the success of androgenesis. 
In some cases it was found that a shift from one medium, in which the anthers 
are cultured right after isolation, to a different medium, will facilitate androgenesis. 

3.1.2.4.2 Donor Plants 

Generally speaking, young and actively flowering plants supply anthers which 
have a better chance to be induced to androgenesis. Light and temperature 
conditions may also affect the future behavior of the cultured anther, but this 
information is based mainly on Nicotiana. Some reports claim that treatment 
with growth regulators (e. g. 2-chlorethyl phosp~oric acid in Oryza) will increase 
the anther response. 

3.1.2.4.3 Pollen Age 

The stage of the microspores in the anthers at the time the latter are removed 
from the donor plant for in vitro culture, strongly affects the success of andro
genesis. In some plants the exact stage can be determined easily by examining 
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one of each flower's anthers: almost all microspores of the same anther are 
at the same stage. This is not so in other plant species (e. g. Paeonia), where 
some of the microspores lag far behind in their developmental stage. In most 
plants where successful androgenesis was reported, anthers in which the micro
spores were at, or just before, first mitosis, gave the best results. On the other 
hand, haploid protoplasts from pollen tetrads were suggested as the source 
for haploid plants in Nicotiana, and mature pollen cultures of tomato resulted 
in haploid tissue which could be induced to differentiate into haploid plantlets. 

3.1.2.4.4 Anther Stage and Ploidy 

The relatively few cases in which the relation between anther stage and the 
ploidy of the resulting plantlets was followed, seem to indicate that with the 
advancement of anther stage there is a tendency to polyploidy. Thus, in D. 
innoxia, plantlets from anthers with microspores of up to first mitosis are mostly 
haploid, whereas when the cultured anthers have binucleated microspores they 
tend to produce diploid and polyploid plantlets. 

3.1.2.5 Application of Androgenesis for Breeding and Genetic Studies 

The potential value of androgenesis for breeding and genetic studies has been 
pointed out repeatedly since its discovery in 1964, but the actual utilization 
of this technique for such studies has been demonstrated only rarely. An example 
of the successful application of anther culture for breeding is the work of COLLINS 
et al. (1974) which dealt with the alkaloid content of tobacco plants for which 
two dominant genes (A and B) were known. Double recessive lines (aa bb) 
are very low in alkaloids. COLLINS et al. (1974) used Fl plants having the 
Aa Bb genotype, and by anther culture obtained four types of haploid plants: 
ab, aB, Ab and AB. The ab plants were very low, and the AB plants-very 
high in alkaloid content. The haploids were made diploid without the use of 
colchicine, and true breeding diploid lines (aabb, aaBB, AAbb, and AABB) were 
established. 

CARLSON (1973) combined the techniques of androgenesis and cell culture 
and reported the attainment of tobacco lines resistant to the methionine analogue 
methionine sulfoximide (MSO). The latter is similar in structure and effect to 
the toxin produced by the tobacco pathogen Pseudomonas tabaci (which causes 
wild-fire). The tobacco lines obtained by CARLSON which were resistant to 
MSO also showed milder symptoms after inoculation with P. tabaci than plants 
sensitive to MSO. 

MELCHERS and co-workers demonstrated several cases which indicated that 
hemizygous plants can be obtained from heterozygous tobacco donors by andro
genesis (see MELCHER-S, 1972). None of these were carried further to the stage 
of doubling chromosome numbers and testing for homozygosis of the anther 
culture progenies. Nevertheless, the experiments demonstrated clearly the poten
tialities of androgenesis for breeding and genetic studies. We shall thus describe 
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one of these experiments in some detail (MELCHERS and LABIB, 1970). It was 
concerned with two leaf-shape genes: (1) stalked vs winged petiole (Pip) (Fig. 
3.9), and (2) normal vs deformed blade (H/h). The results obtained by either 

Pp 
PP 

P 

Fig. 3.9. Genes affecting leaf shape in 
Nicofialla tabacum (from MELCHERS 
and LABIB, 1970) 

self-pollination or anther culture of a double-heterozygous plant (Pp Hh) are 
summarized in Table 3.2. The attainment of four hemizygous haploid lines 
of the genotypes PH, Ph, pH and ph by anther culture was thus indicated 
clearly and the appropriate diploids could undoubtedly be produced. 

We may thus adopt the general conclusion that, in plant species where 
embryoids develop directly from individual pollen cells (e. g. tobacco), the progeny 
of anther cultures from a multifactorial heterozygote will segregate into hemizy
gous groups. The number of such groups is expected to be 2/1, 11 being the 
number of genes for which the donor is heterozygous. On the other hand, 
selfing such a donor will result in a progeny with 3/1 different genotypes out 
of a total of 4/1 possible combinations. These calculations point to an obvious 
conclusion that, with the increase of n, the chance of selecting a certain homozygous 
individual is reduced exponentially. Moreover, in dealing with a character regu
lated by one or more dominant genes, individuals homozygous for the required 
gene cannot be identified among the F 2 progeny. Only self-pollination of a 
great number of individuals with the required phenotype will indicate the homozy
gous plants. To illustrate the above considerations we shall assume that the 
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Table 3.2. Progenies obtained by either self-pollination or anther culture of a double heterozy
gous parental plant. The parental plant was heterozygous to petiole (Pip) and leaf-blade 
(Hjh) controlling genes· 

A. Progeny of self-pollination 

Stalked petiol~s Winged petioles Stalked petioles Winged petioles 
Normal blades Normal blades Deformed blades Deformed blades 

Genotypes: 

Phenotypes: 
Expected 
ratios 
Found 
Calculated 

PPHH 
PP Hh 
PpHH 
Pp Hh 

PH 

9 
145 
123.2 

B. Progeny of anther cultures 

Genotypes: 
Expected 
ratios 
Found 
Calculated 

PH 

1 
25 
14 

ppHH 
ppHh 

pH 

3 
20 
41.0 

pH 

1 
17 
14 

• Data from MELCHERS and LABIB (1970). 

PP hh 
Pp hh 

Ph 

3 
50 
41.0 

Ph 

1 
3 

14 

pp hh 

ph 

1 
4 

13.8 

ph 

1 
11 
14 

breeder is faced with a problem of combining advantageous characters from 
two parents. For simplicity, we shall also assume that inheritance of these char
acters is controlled by simple dominant genes and that the two parents differ 
in respect to only three such genes. The F 1 plants will thus have an Aa Bb Cc 
genotype. Our breeder is interested in AA BB CC plants. By the conventional 
breeding system 27 out of 64 (43) plants will show the required phenotype, 
but only one out of 64 will have the AA BB CC genotype. On the other 
hand, by the anther culture technique one plant out of nine will have the 
required character and, upon diploidization, it will be homozygous. We do 
not have to go into further details in order to demonstrate that in cases where 
hemizygous haploids can be selected by their phenotype, anther culture is of 
great potential value. The potential advantage of anther culture for plant breeding 
is also obvious in respect to hybrid seed production based on self-incompatibility. 
This may be demonstrated in Brassica, where S alleles control the ability of 
pollen to germinate on receptive stigmata, as will be detailed in a later section 
of this book. For this hybrid seed production method, the breeder is interested 
in raising parental lines which are homozygous for the S allele (e. g. Sl Sl S2 S2 
plants). Such plants could be obtained if the Sl S2 haploid would result from 
Sl Sl S2 S2 plants by androgenesis and diploidized by conventional techniques. 
Although plantlets were obtained by anther culture of Brassica plants, the attain-
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ment of haploids by this technique is not yet an established procedure in this 
genus. 

Finally, the recent progress with plant cell cultures (SMITH, 1974) indicates 
a wide range of practical utilization of haploid cells for solving economically 
important problems. Thus, one can envision the selection, at the haploid cell 
culture level, for various characters such as resistance to extreme thermal condi
tions, to toxins of plant pathogens, and to salinity. The resistant cell lines 
may then be regenerated into diploid plants having the required character. 
Haploid plants obtained by anther or pollen culture are an obvious source 
of haploid cell lines. 

3.1.3 The Pistil and the Female Gametophyte 

In reference to phylogenetic considerations, the female gametophyte is borne 
on the macrosporophyll. In flowering plants the equivalent of the latter is the 
carpel. The carpel attains in angiosperms a variety of forms and arrangements. 
Carpels may be solitary or fused, and may form a simple or a compound 
pistil. There may be one or several pistils in each flower. We shall not be 
concerned here with the almost infinite number of variations of floral organization. 
They play an important role in plant taxonomy and contribute to the niceties 
of the plant life surrounding us. For our purpose we shall just refer to the 
pistil as an organ composed of three functionally distinct components: ovary, 
style and stigma (Fig. 3.10). One more term should be mentioned- the gynoecium. 
It is the so-called 'female' part of the flower, and may consist of one or more 
free carpels or of united carpels. Going back to the above terminology, a flower 
having a gynoecium consisting of a solitary carpel is a flower with a simple 
pistil. We shall further restrict our discussions to those features and functions 
in the flower and the female gametophyte which are relevant to the subject 
of this book. 

Integuments 

Megaspore 
(Embryo sac) 

I Styt, 

Ovary 

Fig. 3.10. Scheme of an angiosperm 
pistil 
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3.1.3.1 The Pistil 

The ovary, by definition, bears the ovules. The latter have basically a common 
organization in angiosperms: attached to the ovary through the funiculus, having 
a cup-shaped structure formed by one, two or rarely three layers of integuments 
which start from the funicular end and almost surround a nucellus, leaving 
a canal opening at the other end, the micropyle. The micropyle may eventually 
close (Fig. 3.11). 

The megaspore mother cell may develop directly from an archesporial cell 
which originates in the cell layer located beneath the nucellar epidermis, or 
the archesporial cell first divides, producing an archesporial tissue; one of the 
cells of this tissue will then develop into a megaspore mother cell. 

The style is the midpart connecting the ovary to the stigma. Three types 
of styles are distinguished: (1) The open type-with a canal lined with glandular 
epidermis, functioning as transmitting tissue; this type is characteristic for mono
cotyledons. (2) The solid type-having a solid core oftransmitting tissue; common 
in most dicotyledons. (3) The half-closed type-having transmitting tissue limited 
to only one side of the styles' canal, known in members of the Cactaceae (VASIL 

and JOHRI, 1964). The difference in structure brings about a difference in the 
path of the pollen tube on its way to the ovary, as will be seen later. 

Fig. 3.11. Longitudinal section of an 
ovule of Solidago showing the funi
culus (F), the integuments (In) and the 
micropyle (+). Micrograph (x 450) 
(from O'BRIEN and MCCULLY, 1969) 
Copyright (C) McMillan Pub. Co. Inc. 
Reproduced by permission 
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The stigma furnishes the f>urface which is receptive to the pollen grain. 
It is glandular and frequently has uni- or multicellular papillae (,hairs') (Fig. 
3.12). There are 'dry' or 'wet' stigmata. The wet stigmata bear a more or less 
copious secretion. Such stigmata were found in several plant families (e. g. Solana
ceae, Liliaceae, Rosaceae and Onagraceae), in which, as we shall see in handling 
self-incompatibility, the gametophytic type of self-incompatibility occurs. This 
secretion forms the germination medium for the pollen grain. It frequently consists 
of droplets of an emulsion and forms in some cases a 'liquid cuticle' over 
the papillae. This emulsion contains lipids, phenolic compounds, sugars and 
polysaccharides. The latter give the secretion its viscosity. Proteins may be 
a component of this secretion, but information on this is only now accumulating. 

Dry stigmata were found in a number of families (e. g. Cruciferae, Compositae, 
Malvaceae and Gramineae). These are families with sporophytic- or multifactorial 
gametophytic self-incompatibility systems. The surface of the dry stigma is, at 
least in some families, not bald but covered with a proteineous layer. This 
layer has relevance to the self-incompatibility reaction. The proteins are synthe
sized in the cortical cells of the papillae and diffuse across the cell walls to 
the outer surface, producing the dry coat. 

3.1.3.2 The Female Gametophyte 

The megaspore mother cell undergoes usually two meiotic divisions resulting 
in a 'tetrad' of four haploid nuclei. In rare cases, e. g. Allium, there is only 

Fig. 3.12. Top view of an unpollinated stigma of Brassica oleracea showing dry papillae. 
Scanning electron micrograph (x 65) (from ROGGEN, 1972) 
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one meiotic division. Accordingly, four or two megaspores are produced. In 
some cases more than one megaspore resides within the same cell wall and 
they eventually fuse during gametophytic ontogeny. As these megaspores can 
have different genetic compositions, this fusion will result in a variety of genetic 
consequences, as discussed by HESLOP-HARRISON (1972). As the ovule is the 
sporophytic structure which bears the megaspore, it may be termed megasporan
gium. With the formation of the megaspore the sporophytic generation is ter
minated. 

As mentioned above, the meiotic division may result in two or four nuclei; 
these may be separated by a cell membrane or the nuclei may reside in the 
same cytoplasm. A further variation is the number of these nuclei which take 
part in further development: production of the embryo sac. The latter variation 
is used commonly to classify the female gametophytes of angiosperms into 
monosporic, bisporic and tetrasporic, to mean that in the formation of the embryo 
sac, one, two or all four nuclei, respectively, are involved (Fig. 3.13). Our further 
discussion will concern only the so-called common monosporic Polygonum type. 

Megasporogenesis Megagametogenesis 
Type Megaspore Division Dh'ision Division Division Division Malure 
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Fig. 3.13. Diagrams of the main types of embryo sacs in angiosperms (from MAHESHWARI, 
1950) Copyright (C) McGraw-Hill Book Co. Ltd. Reproduced by permission 
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In this type the one functional haploid cell undergoes three mitotic divisions 
to produce an embryo sac with eight nuclei: one egg, two synergids, three antipodals 
and two-which may ultimately fuse-polar cells. 

We shall now go into some details of the embryo sac. The synergid cells 
attain their position at the micropylar end of the embryo sac. They have a 
characteristic filiform apparatus and at their chalasal end have one or more 
conspicuous vacuoles. This filiform apparatus, as its name implies, is made 
up of finger-like projections which extend into the cells. The walls of these 
projections are rich in pectin and hemicellulose and almost devoid of cellulose. 
They usually increase the surface of the plasma membrane of the synergids. 
The two synergid cells have large nucleoli, relatively many mitochondria and 
ribosomes, and are quite rich in protein. Thus, from ultrastructural appearance 
they seem to be metabolically active cells. 

The egg cell has only few ribosomes and a poor organelle content. Although 
there seems to be a variability in plant species in respect to the organelle 
content of the egg cell, this cell is usually vacuolated and has a cell wall partially 
surrounding it; the wall exists at the micropylar end but is incomplete at the 
chalasal end. 

The polar nuclei in the central cell may either stay separated or fuse before 
fertilization. The central cell has a plasma membrane and a cell wall which 
is usually complex but again varies in details among species. It has a large 
central vacuole, so that the cytoplasm is layered close to the plasma membrane. 
The cytoplasm is rich in endoplasmic reticulum, ribosomes and mitochondria; 
in some species the cytoplasm also contains visible plastids and several nucleoli 
can be discerned within the nuclei. The central cell is usually the largest among 
the embryo sac cells and from ultrastructural observations it seems to be more 
active than the egg cell. 

The role of the antipods in future development of the embryo sac, i. e., 
following fertilization, is not clear. In some species these cells undergo additional 
divisions forming a tissue which probably has a function in nourishing the 
embryo, taking the role normally played by the endosperm. 

3.1.4 Fertilization 

3.1.4.1 Contact between Pollen and Stigma 

The contact between the pollen grain and the stigmatic surface induces processes 
which are only now being revealed, and seem to be of great relevance to the 
germination and penetration of the pollen tube into the style. One of the conse
quences of this contact is an immediate and continuous leaching of mobile 
substances from the pollen wall layers. The release process was followed very 
elegantly by HESLOP-HARRISON, KNOX and co-workers (see HESLOP-HARRISON, 

1975, for review) by means of a 'pollen-print' method. In this method the pollen 
grains are put on an appropriate artificial surface for defined periods and the 
imprints are developed by methods (e. g. immunofluorescence) indicating the 
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pattern, chemical identity and sequence of the released substances. In studies 
with species having the sporophytic incompatibility system, it was found that 
the first to leach, within seconds after contact, are substances coming directly 
from the outer surface or those released through the micropores of the tectum 
roof. These are of sporophytic origin and contain mainly glycoproteins and 
proteins having little or no enzymes activity. It is tempting to speculate that 
these secretions have a function reminiscent of that of seed lectins, i. e., specific 
binding affinities to polysaccharides of cell surfaces. 

Later, after an interval of a few minutes, substances are released from the 
intine. These are primarily of gametophytic origin and their release is either 
through the germination apertures or by diffusion through the exine. We may 
note that, apart from the role of these leachates in pollen germination, they 
are of medical interest. Thus, it was found that leachates of Ambrosia (ragweed) 
pollen contain Antigen A, the principal hayfever allergen. 

3.1.4.2 Pollen Germination 

The pollen germinates usually through one of the germination apertures. The 
pollen grain probably has a preformed 'machinery' in respect to ribosomes 
and messenger RNA (mRNA) which are set into action right at the onset of 
germination-no further mRNA is thus synthesized during this process. The 
vegetative cell is accordingly packed with ribosome-rich endoplasmic reticulum 
and usually devoid of nucleoli. With the exception of a few angiosperms (e. g. 
orchids), the growth of the pollen tube is restricted to a few hours. In orchids 
this process may take weeks or months. In such plants there is probably a 
continuous synthesis of ribosomes and a nucleolus is seen within the pollen 
tube (vegetative) nucleus. Scanning electron microscopy showed that in certain 
sporophytic-type-incompatibility plants (e. g. Brassica), the onset of compatible 
pollen germination is correlated with the collapse of the papillae (Fig. 3.14). 
The elongating pollen tube has a typical cell wall synthesizing mechanism at 
its tip, reminiscent of fungal hyphal tip growth. 

In 'open-style' plants the pollen germinates on the surface of the stigma 
papillae and the tube grows down on the papillae surface to the mucilage-filled 
canal in the center of the style. This canal has a characteristic 'transfer-type' 
wall comprising the transmitting tissue. Substances having probably a nutritional 
role are transferred from this wall to the pollen tube during the growth of 
the tube. 

In 'solid-style' plants the pollen tube penetrates the intercellular spaces of 
the pistil tissue. The details of this penetration have up to now been -revealed 
in only a limited number of plants. The tube may start its penetration right 
underneath the cuticle of the papillae and then migrate in an exudate between 
cuticle and the cell walls. Reaching the style, the tube fmds its way to the 
transmitting tissue and from there grows toward the ovary. In other plants 
the tube grows first outside the papillar cuticle and only at the base of the 
cuticle does it penetrate between the stigmatic cells into the transmitting tissue. 
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Fig. 3.14. Stigmatic papillae and pollen grains of Brassica oleracea var. gemmifera (Brussels 
sprouts). Top: 1 h after self pollination, bottom: 1 and lth after compatible pollination, 
showing papillae (PA) and pollen grains (PO) and magnification marker (M). Scanning 
electron micrograph (x 650) (from ROGGEN, 1972) 

3.1.4.3 Pollen Tube Discharge and Double Fertilization 

We mentioned above that there may be one or two generative nuclei in the 
mature pollen grain. In the former case the generative nucleus divides during 
tube growth. Thus, in any case, at a later stage of pollen tube growth in the 
style it containes two generative (sperm) nuclei. These nuclei are bordered by 
a plasma membrane and are poor in cytoplasmic inclusions. 

The tube finds its way, by means which are not known, toward the nucellus. 
From recent studies, mainly those of JENSEN and co-workers (see JENSEN, 1974, 
for review), it follows that the events from this stage to the completion of 
the double fertilization are probably similar among angiosperm species (Fig. 
3.15). The approach of the pollen tube to the embryo sac is in all or most 
cases from the micropylar end. The tube then' comes in contact with one of 
the synergid cells and enters into the filiform apparatus. Once inside the synergid 
cytoplasm, the tube discharges. As a result, part of the tube's cytoplasm, the 
vegetative nucleus and the two sperm cells, are released into the synergid's 
cytoplasm. The vegetative nucleus and the nucleus of the synergid cell are 
pushed aside, resulting most probably in what was termed x-bodies, and the 
generative cells move-one to the egg cell and one to the central cell. The 
details of the penetration into these latter target cells are not clear. As a rule, 
nuclear fusion takes place first in the central cell and then in the egg cell, 
although this may not be the order of penetration. 
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Fig. 3.15. Diagrammatic summary of the events associated with double fertilization in angio
sperms (from JE NSEN, 1974) Copyright (C) McGraw-Hill Book Co. Ltd. Reproduced by 
permission 

3.1.5 Sexual Reproduction in Conifers 

Several economically important evergreen forest trees do not belong to the 
angiosperms but rather to a group of gymnosperms-the conifers. Among the 
latter are pines, firs and spruces. The conifers are probably the most successful 
group of presently existing gymnosperms and are represented in about 50 genera 
with about 500 species. This group is defined by various authors as subclass, 
order offamily, and thus termed Coniferopsida, Coniferales and Coniferae, respec
tively. 

We shall describe the sexual reproduction of conifers rather briefly, pointing 
out the features in which they differ from the phylogenetically more advanced 
angiosperms handled above. The description is based mainly on Pinus. The 
reader is referred for more details and references to texts (e. g. McLEAN and 
IvIMEY-COOK, 1958; FOSTER and GIFFORD, 1959). 

The conifers are mostly monoecious species. Some species are dioecious. 
The sexual organs are borne on stroboli (cones) which are characteristically 
unisexual. In general terms the conifers differ from the angiosperms by having 
more developed gametophytes. Thus, especially the female gametophyte of conifers 
is considerably more elaborate than in angiosperms, and the time interval between 
the arrival of the pollen at the ovule and the formation of the zygote is rather 
extended in conifers. 

The pollen is produced in sporangia on microsporophylls of the male cones. 
The sporangia are borne on the lower (abaxial) side of the sporophylls. The 
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microspore undergoes three divisions before pollen grain maturation. In the 
first and second divisions small prothallial cells are produced, pushed aside, 
and most of the volume of the microspore is occupied by the "antheridal" 
cell. The latter divides once more to give two functional cells: the generative 
(antheridal) cell and the vegetative (tube) cell. Thus, the male gametophyte at 
the stage of pollen maturity consists of four cells. In many species (pines) the 
pollen grain has a morphology which facilitates its dispersal by wind. 

The female gametophytes develop on female stroboli, which are considerably 
larger than the male ones. The female strobilus consists of spirally arranged 
bracts, each bearing a scale on which the ovules develop. The megaspore mother 
cell develops within the nucellus of the ovule in a way basically similar to 
that described for angiosperms. The meiotic division results in two to four 
macrospores; only one of which develops further. This macrospore, the beginning 
of the gametophytic generation, divides many times producing a female prothal
lium. On the micropylar end of the pro thallium, archegonia are produced. Each 
of the latter consists of several cells; one of which is the enlarged egg cell. 

Pollination starts with the approach of the pollen grain to the micropylar 
end of the ovule, where it is attached by an ovular secretion to the nucellus. 
At this stage the female gametophyte is still rather immature. The germination 
of the pollen grain and the approach of the tube to the female gametophyte 
is a rather long process, e. g. several months. Contrary to the tube of angiosperms, 
the tube of conifers may ramify during growth. The generative cell divides 
and one of the resulting cells (sperm, or body cell) divides once more to give 
two male gametes. At this stage the male prothallial cells have degenerated 
and the male gametophyte consists of four cells. All four penetrate the egg 
cell but only one of the two gamete nuclei takes part in the formation of 
the zygote. 

3.2 Control and Modification of Sex 

After having reviewed in Chapter 1 the various forms of sex expression as 
well as the structural and developmental aspects of reproduction in those groups 
of higher plants to which most economic crops belong (i. e., angiosperms and 
conifers), we can now review the genetic and environmental factors which regulate 
sex expression in these plants. We shall first confine ourselves to understanding 
the principles of the genetic control of sex determination and treat, rather briefly, 
the modifications of sex by nongenetic factors, Thereafter, we shall handle in 
more detail a number of representative econol/l1ic crops, where sex expression 
should be considered in respect to breeding and crop productivity. 

3.2.1 The Genetic Control of Sex Determination 

Sex expression in plants is in many cases strongly affected by environmental 
conditions as well as by applied chemical agents. Several examples of such 
effects will be given in subsequent sections. The modification of sex expression 



General Considerations Concerning the Genetic Control of Dioecism 105 

by high temperatures was reported for cucumbers by KNIGHT (1819) and was 
probably known in horticultural practice many years before this. The genetic 
basis of sex determination in plants was indicated experimentally shortly after 
the rediscovery of the Mendelian laws of inheritance, and by one of the redisco
verers of these laws-CARL CORRENS. Briefly, CORRENS (1906) based his conclu
sions on three main test crosses. In one he crossed female Bryonia dioica plants 
with plants of the monoecious species Bryonia alba and obtained 11 plants, 
all very similar, being either pure females or females with a few early and 
nonfunctional staminate flowers. In another test CORRENS crossed female B. 
dioica plants with male B. dioica plants and obtained 41 flowering plants of 
which 21 were males and 20 were females. In a third test, pistillate inflorescences 
of B. alba were crossed with male B. dioica plants and 76 flowering plants 
were obtained, exactly half of which were males and half were females. Incidentally, 
in the plants resulting from the first-mentioned cross which did produce staminate 
flowers, these flowers were produced very early in the plants' ontogeny, on 
the main shoot, and never occurred in the subsequent year. Correns attributed 
this to unusual soil conditions, but as we shall see later this is a rather common 
phenomenon in monoecious species. 

On the other hand, SCHAFFNER (see SCHAFFNER, 1935, for references) reported 
many cases of environmental modifications of sex expression and from these 
and theoretical considerations, concluded that there is no genetic basis for sex 
determination. 

Such contradictory conclusions were not restricted to sex expression, but 
stemmed from a lack of full understanding of the interaction of genetic information 
with external and internal stimuli. Our present knowledge of how genetic informa
tion is expressed is such that cases of environmental modifications of form 
and function will by no means lead us to negate the role of inheritance in 
the final expression of the organism. We know that even the synthesis of 
a direct gene product, such as ribosomal RNA, can be strongly affected quantitati
vely by extracellular factors. An extrapolation to the far more complicated 
phenomenon of sex expression and its modification by environment is thus 
reasonable. ALLEN (1932) pointed out that those who negated the involvement 
of gene effects in sex expression neglected two facts: that the hereditary constitution 
provides only potentialities and that these potentialities, according to the prevail
ing conditions, mayor may not be manifested. 

Keeping in mind that sex expression in plants is a result of interaction 
between hereditary and nonhereditary factors, we shall now handle cases where 
the genetic determination of sex is evident. 

We shall be concerned in this section mainly with the genetics of dioecism. 
Other sexual forms will be handled in subsequent sections in which the sexual 
regulation of specific economic crops will be discussed. 

3.2.1.1 General Considerations Concerning the Genetic Control of Dioecism 

We have seen previously that stamens and carpels not only differ vastly in 
their morphology, but also that in each of them a rather different and elaborate 
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process leads to either the production of the male gametophyte-the pollen 
grain, or of the female gametophyte-the embryo sac. It is, therefore, reasonable 
to assume that for the morphogenesis of stamens and carpels a great number 
of genes is required. In hermaphrodite plants we can thus reason that all the 
genes for both types of flower organs exist and operate. However, while all 
these genes probably exist in every cell of the plant, they obviously have no 
formative manifestation in the vegetative part of the hermaphrodite plant. Even 
within the flower itself, the genes responsible for stamen differentiation, say, 
A, B, C, are not expressed in the rest of the floral members, and vice versa, 
the genes responsible for carpel differentiation, say, D, E, F, are restricted in 
their morphogenetic expression to the carpel. 

We shall take this reasoning further and argue that even in the stamen 
itself, A, or any other individual stamen-gene, is functional only at a specific 
time and site. We thus come to the obvious conclusion, already mentioned 
above, which is fundamental to all processes of differentiation, that it is the 
expression of the genes and not the mere presence of genetic information which 
results in a specific type of morphogenesis. The lack of a form or a function 
can thus stem from either the suppression of expression of the genes concerned, 
or from their absence. 

We shall turn now to plant species, or lines, which show dioecism, i. e., they 
consist of female plants having only carpellate (or pistillate) flowers, and of 
male plants having only staminate flowers. In these species or lines, by definition, 
crosses between female and male plants result again in female and male plant 
segregants. Based on the foregoing considerations there are two main possibilities 
which lead to this sexual dimorphism: (1) the genes for stamens and carpels 
exist in both male and female plants, but only the stamen-genes are expressed 
in the male plants and only the carpel-genes are expressed in the female plants; 
(2) either carpel-genes or stamen-genes are excluded from the respective plants. 
By integrating the two possibilities we can visualize three models. In the first, 
stamen-genes are excluded from female plants and carpel-genes are excluded 
from male plants. In the second model, stamen-genes are excluded from female 
plants but both stamen-genes and carpel-genes are present in the male plants, 
the latter not being expressed. In the third model, both stamen-genes and carpel
genes are present in female plants but carpel-genes are excluded from male 
plants; the stamen-genes are not expressed in the female plants. 

Let us consider the first possibility, according to which both stamen-genes 
and carpel-genes are present in female and male plants and sex dimorphism 
is determined by the expression ofthese genes. LEWIS and JOHN (1968) schematized 
this model in the following way: 

M {AA BB CC Active} I m . ----'>mae 
DD EE FF InactIve 

{ AA BB CC Inactive} 
mm DD EE FF Active ----'> female 
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The genes A, Band C are here the stamen-genes and D, E and F are the 
carpel-genes. The allele pair Mlm has the key role: mm will allow only the 
expression of the carpel-genes and Mm will allow only the expression of the 
stamen-genes. Both the carpel-genes and the stamen-genes are always in the 
homozygous state. 

Thus, an unlimited number of genes may be involved in the differentiation 
of stamens and carpels but sex determination is controlled by just one locus: 
Mlm, acting as a trigger. 

3.2.1.2 Artificial Dioecism in Zea mays 

Zea mays (maize) is normally a monoecious species. The pistillate flowers 1 are 
borne on axillary inflorescences which produce the modified spikes, the 'ears'. 
The pistillate flowers have very long stigmata commonly termed silk, giving 
the ears a "bearded" appearance. The staminate flowers are borne in a terminal 
inflorescence-the tassel. 

A number of mutants were found in maize which either suppress the pistillate 
inflorescence (the plant becomes silkless) or affect the tassel. The tassel may 
be affected such that it produces pistillate flowers rather than staminate ones. 
The terminal inflorescence is thus converted into tassel seed (Fig. 3.16). JONES 

(1934) utilized such mutations to convert maize into dioecious populations. 
He used two genes: (1) sk (silkless, on chromosome 2) and (2) tS2 (tassel seed2, 
on chromosome 1). Obviously a plant which is both silkless and tassel seed 
is a functional female plant, and a plant which is silkless but with a normal 
(staminate) tassel is male. Thus both males and females in such a population 
are silkless. The silkless phenotype is expressed only in a homozygous recessive 
genotype sk sk, and likewise the tassel seed phenotype is homozygous: tS2 ts2. 
A plant with the genotype sk sk tS2 tS2 is thus female. The male plants can 
have either of the two genotypes: skskTs2 TS2 or skskTs2 tS2. JONES chose 
sk sk TS2 tS2 males and pollinated the sk sk tS2 tS2 females with them. Such a 
cross will always result in only the two parental types in their progeny (Fig. 
3.17). We may now refer to our model, schematized above, and regard the 
Ts2/ts2 allele pair as the trigger (M/m). The two sexes-male and female plants
have the genotype sk sk in common as well as the many other genes involved 
in the differentiation of stamens and carpels. This is an artificial dioecious 
population where the males are heterozygous and the females homozygous for 
the sex-controlling gene. 

As all the genes but the trigger one are common to both sexes and always 
homozygous, no gene redistribution (with the exception of Ts2) by crossing-over 
is possible. They may either all be located on one pair of chromosomes or 
distributed in several chromosomes. In this model the male plants always produce 
two kinds of gametes with either TS2 or ts2, while the female plants produce 
only one kind of gametes with ts2. 

1 The flowers of Gramineae are termed florets: these are grouped in spikelets and the 
latter are borne on spikes-the typical inflorescences of this family. 
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Fig. 3.16. The tassel-seed (tsz) character 
in maize (Zea mays) (from NrcKERssON 
and DALE, 1955) 

Fig. 3.17. Scheme of artificial dioecy consisting of two maize mutants: silkless (sk sk, 
Tsz ts z) and tassel-seed (sk sk, tS2 tsz) 

Dioecism in maize was also achieved by a slightly different gene combination 
(EMERSON, 1932). The gene ba (causing barren stalk, on chromosome 3) is 
recessive and in ba ba genotypes only the tassel is produced. Thus ba ba, tS 2 tS2 

are female plants and ba ba, TS2 tS2 are male plants. As above, the male is the 
heterogametic one. Still another tassel-seed gene can be utilized - Ts 3 ; but when 
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this gene is used rather than tS2, the female is heterogametic, because TS3 is 
dominant and thus ba ba, TS3 tS3 plants are female, while ba ba, tS3 tS3 plants 
have no tassel seeds and are male plants. From this we see that males may 
be either heterogametic or homogametic according to the specific genes involved. 

A word of caution shall be added here. Although these Z. mays systems 
are widely and frequently cited as examples of artificial dioecism, a close examina
tion shows that plants with tS2 tS2 as well as with TS3 genotypes are not always 
pure females. The morphology of these mutants was investigated by NICKERSON 
and DALE (1955), who compared their observations with those of EMERSON 
et ai. (1935). In tassels of ts2ts2 plants, NICKERSON and DALE (1955) observed 
hermaphrodite spikelets in addition to pistillate ones, while EMERSON et ai. 
(1935) observed staminate spikelets in addition to pistillate ones. Moreover, 
even without sk sk, the tS2 tS2 plants had rather undeveloped ears. In tassels 
of TS3 plants, fertile staminate spikelets were usually found (Emerson et aI., 
1935; NICKERSON and DALE, 1955). Thus the system is obviously not a 'pure' 
dioecious one. Nevertheless, as the plants varied in respect to the production 
of staminate spikelets in the tassels, the elimination of staminate spikelets by 
selective breeding thus seems very probable. 

Note that in the artificial dioecious systems described above, the ts genes 
have actually a unique effect: they not only suppress the staminate flowers 
on the tassel but also induce there the formation of pistillate flowers. By this 
we do not mean that two separate activities are involved; we can visualize 
a situation where the mere suppression of the stamen initials in the floret, 
the ontogenetically later-appearing carpel initials, can differentiate to their full 
functional state. Nevertheless, to enable such a situation we have to assume 
that in Z. mays there is a gene (or genes) for the trigger mechanism which 
will allow in any individual floret the differentiation of either stamens or carpels 
only. We shall return to this presumed trigger mechanism in our subsequent 
discussions. 

3.2.1.3 Artificial Dioecism Caused by Suppressive Genes-Linkage between 
Genes as a Prerequisite for Sex Dimorphism 

The models of artificial dioecism in maize described above were achieved in 
a 'simple' system which did not require any linkage between genes. This was 
possible because of the natural separation in this plant: between the staminate 
and pistillate inflorescences and the particular effect of the ts genes. A different 
system exists in Rubus idaeus (see LEWIS and JOHN, 1968). In this normally 
hermaphrodite species, two genes affecting sex determination were found, one 
suppressing stamen differentiation (m), the other suppressing carpel differentiation 
(t). Both genes are recessive and act independently of each other. Thus, the geno
types FF mm and Ff mm result in female plants while ffMM and ffMm result 
in male plants. As would be expected from the independent effects of the m 
and f genes, the double recessive has no functional flowers as both stamens 
and carpels are suppressed. Therefore, in this system, a dioecious line could 
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not be constructed. Consider the two possibilities of crosses between 'female' 
and 'male' plants: 

1. FF mm x ffMm (heterogametic male plants) 
2. Ffmm x ffMM (heterogametic female plants) 

In both cases we expect hermaphrodite (FfMm) plants among the progeny. 
However, in this system we could visualize the establishment of dioecism 

under two additional conditions: (1) that one of the two suppressing genes 
is dominant; and (2) that there is a complete linkage between the two genes. 
We shall consider it using the gene symbols of Rubus. We may first suppose 
that the female suppressor is dominant: thus, FF MM, FfMm, FF Mm will 
all be 'male' plants, while ffmm will be 'female'. If we now cross a ffmm 
female with a FfMm male we shall obtain four different genotypes, because 
the 'male' produces four types of gametes, FM, Fm, fM and fm, while the 
'female' produces only one type of gamete: fm. Under such conditions a cross 
between female and male plants will again result not only in 'female' and 'male' 
plants, but if we add the other restriction, complete linkage of F with M (FM) 

and f with m (fm), to be symbolized as Ff'M, the 'male' will produce only two 
m 

kinds of gametes: FM and fm. A cross between the double homozygous recessive 
female (ffmm) and the aforementioned male will then result in only the two 
parental types; a dioecious system will thus be established. 

The above-mentioned model may seem complicated but is a rather common 
basis for sex dimorphism in both animals and plants. Moreover, it leads from 
the genetic sex determination to the probably more advanced and stable chromoso
malone. The best way to prevent crossover between the two opposite suppressive 
genes would be the establishment of a mechanical barrier on the chromosomal 
level. Such a mechanism should prevent, during the meiotic prophase, pairing 
and chiasmata formation, among those chromosomal segments containing the 
linked genes. Sex chromosomes which are heteromorphic for at least the segment 
in question will furnish such a mechanism. This rationale was already formulated 
by DARLINGTON (1932). 

3.2.1.4 Chromosomal Control of Sex Determination 

We have indicated above that sexual dimorphism based on stamen- and carpel
suppressing genes would operate most efficiently when these genes are linked 
and that such linkage is secured by a mechanism preventing crossing over 
in the chromosomal segment containing the suppressing genes, leading to the 
establishment of heteromorphic sex chromosomes. From this we may deduce that 
in many cases sex chromosomes developed evolutionarily at a later stage, in species 
in which dioecism already existed. We should, therefore, be faced with many cases 
of dioecious species, in which cytological heteromorphism of sex chromosomes 
is sliglit or can be recognized only at specific meiotic phases. Moreover, in the 
very same dioecious species the degree of sex-chromosome dimorphisrp may vary 
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in extent, resulting in contradictory reports by several authors handling different 
specimens of the same species. 

This rationale is actually manifested and a great number of examples were 
reviewed by WESTERGAARD (1958) and by LEWIS and JOHN (1968). The former 
listed cases in which convincing evidence for chromosomal dimorphism was 
available. In this list there are only 13 species of three families. WESTERGAARD'S 
list for doubtful cases of chromosomal dimorphism is much more extensive, 
containing about 70 species of 24 families. An up-to-date revision may change 
the ratio of species between the two lists. Careful cytological observations and 
new staining techniques (e. g. use of Giemsa staining or of quinocrine-mustard 
staining, and evaluation by fluorescence microscopy as applied by KAMPMEIJER, 
1972) may move some species from the second to the first list. 

Intermediary cases of sex chromosome heteromorphism are known. In some 
dioecious species, such as Carica papaya, no chromosomal heteromorphism 
was observed, but one chromosome pair showed a delayed separation in anaphase. 
There remains, of course, the question whether or not heteromorphic chromo
somes, or pairs delayed in anaphase separation, are indeed the sex chromosomes. 
We shall refer to this question below. Still, delayed anaphase separation is 
rather common in dioecious animal systems and is therefore considered to 
be an incipient XfY system (LEWIS and JOHN, 1968). However, even taking 
possible future revisions into account, the majority of dioecious plants lack 
sex chromosome heteromorphism. This should not surprise us, because even 
in animals, in which dioecism was relatively a much earlier evolutionary develop
ment than in flowering plants, whole classes have no cytologically recognizable 
sex chromosome heteromorphism and in others (e. g. birds) chromosome dimor
phism was established only recently (see MITTWOCH, 1973). 

We shall now consider the simplest kind of chromosomal dimorphism, the 
X/Y system. In this system, when the male plant is heterogametic, XX plants 
are female and XY plants are male. In previous considerations we deduced 
that at least a segment of the X chromosome should not pair with its heteromorphic 
partner, the Y chromosome. On the other hand, it should be assured that 
during meiosis the two chromosomes will segregate in an orderly way. This 
will be achieved only when X and Y also contain a homologous segment, 
thus enabling pairing in the meiotic prophase and keeping this pairing until 
the proper segregation into the gametes is secured. The sex chromosome should 
thus be constructed of at least two kinds of segments: one in which pairing 
is prevented, and one in which pairing is assured. 

From the above simple XfY system we can extrapolate to a great number 
of more complicated systems. There may be more than one Y chromosome 
or more than one X chromosome, as well as other variations. Many complicated 
cases of sex chromosome heteromorphism were actually revealed in animals 
(see LEWIS and JOHN, 1968), but only a few are known in plants. Some of 
the latter will be mentioned when describing sex determination in specific plants. 

A special case would be a system of unpaired sex chromosomes, the X/O 
system. Its existence was claimed in only three plant species of the genus Dioscorea, 
but the validity of this claim is now in doubt (see MARTIN, 1966; LEWIS and 
JOHN, 1968). From cytological considerations, an X/O system requires a 
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mechanism ensuring the movement of an unpaired chromosome in the meiotic 
division. On the genetic level, the X chromosome should contain no information 
required for the haploid generation. The latter is worth notice in angiosperms 
and gymnosperms where this generation, the gametophyte, goes through two 
or more mitotic divisions, respectively, and, as detailed previously, has an elaborate 
differentiation. It is, therefore, not surprising that the x/a system is quite prevalent 
in animals but probably missing from plants. Even in animals, in certain cases 
when x/a individuals were experimentally or accidentally produced in species 
with a normal XjY system, these individuals expressed anomalities. Thus, x/a 
Drosophila flies are male but their sperm is not functional, and in man, x/a 
individuals are female with degenerate gonads, and in most cases have other 
anomalities including a mental deficiency termed TURNER'S syndrome. 

3.2.1.5 Main Methods for the Study of the Genetics and Cytology 
of Sex Determination 

WESTERGAARD (1958) considered that three consecutive steps should be followed 
in the analysis of sex expression: 

1. Establish which of the sexes is heterogametic; 
2. Localize the sex-determining gene complex(es) on the sex chromosomes 

and understand their interaction with the autosomal sex genes; 
3. Break down the gene complexes and explain the results in terms of individual 

gene action. 
These suggestions were based on WESTERGAARD'S thorough studies of the 

determination of sex expression in M elandrium, which we shall consider below. 
Still, with appropriate adaptations, WESTERGAARD'S suggestions are applicable 
to other heterosexual systems, including those not strictly dioecious and those 
in which no sex chromosomes are cytologically identifiable. 

There are several ways to establish which of the sexes is represented by 
heterogamous plants. CORRENS (1928) suggested, and actually employed, four 
ways, which were also utilized by other investigators: (1) cytological methods
search for chromosomal heteromorphism; (2) identification and genetic analysis 
of sex-linked characteristics; (3) competitive pollination-pollination with differ
ent quantities of pollen grain or with aged pollen, and search for causally 
related changes in the ratios between the resulting progenies; (4) reciprocal 
crossings between dioecious species, which may result in either homomorphic 
or heteromorphic progenies. 

To CORRENS' suggested methods WESTERGAARD (1958) added others, useful 
not only for the detection of heterogametic plants but also in a general way 
for the investigation of sex determination: (1) selfing or sibbing of occasional 
bisexual individuals in dioecious species; and (2) crossings between experimentally 
produced polyploids and diploids and obtaining series of plants with different 
numbers of autosomes and sex chromosomes. 

The first of these two methods has a drawback: the progeny of plants which 
are not 'pure' staminate or pistillate is usually composed of plants in which 
the classification of sex expression is rather difficult. 
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Two additional methods can be suggested, in the light of recent investigations: 
(1) selfing of normally 'pure' pistillate and staminate plants can be undertaken 
in certain species after appropriate chemical treatment inducing in the above 
plants the development of either staminate or pistillate flowers, respectively; 
and (2) obtaining haploid plants by anther culture. Some of these methods 
will be illustrated in the next section and others while dealing with the sex 
expression of specific species. 

3.2.1.6 Genetic Regulation of Sex: Representative Examples 

Two main systems will be discussed. Unfortunately, because of lack of suitable 
examples, our test cases will not be drawn from economic crops but rather 
from wild species. 

3.2.1.6.1 The Active Y Chromosome System 

This system will be represented mainly by Melandrium (Caryophillaceae). This 
genus was utilized in the early years of the rediscovery of the Mendelian laws 
by pioneers of genetics, e. g. DE VRIES, BATESON and CORRENS. The experiments 
of CORRENS are of relevance to us because he focused his attention on sex 
expression. CORRENS employed various experimental approaches to reveal the 
inheritance of sex expression (see CORRENS, 1928). Two of these were technically 
simple and involved the pollen grains. The rationale was that if the male is 
heterogametic, its pollen should consist of two types. These two types may 
differ in their ability to reach the embryo sac and bring about fertilization. 
One method was 'pollen competition'. CORRENS argues that if very few grains 
are used there will be no competition and about equal number of male and 
female plants will result; but if many pollen grains are used, the pollen which 
is more efficient will have a better chance to fertilize the embryo sac and the 
ratio of male to female plants among the progeny will not be equal. This 
was actually the case: with increasing amounts of pollen the ratio of female/male 
increased. By this he decided that M elandrium male plants are heterogametic, 
and the females are homogametic. He then used 'pollen ageing' with the same 
basic argument, i. e., if one kind of pollen grain is more resistant, ageing should 
change the ratio of females to males in the progeny. CORRENS' data substantiated 
his reasoning. Moreover, CORRENS made similar experiments with Fragaria 
and found no changes in the ratios of the females to males in the progeny, 
concluding that in this genus the females are heterogametic. 

Although CORRENS' pollen-ageing experiment could not be confirmed (VAN 
NIGTEVECHT, 1966b), both OfCORRENS' conclusions were subsequently verified. 
For the heterogamy of male Melandrium plants BLACKBURN (1923) and WINGE 
(1923) furnished cytological evidence. The former also established a size difference: 
the Y-chromosome is longer than the X-chromosome. These results were substan
tiated by several authors, so that the chromosomal constitution of M elandrium 
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(both Melandrium album and Melandrium dioecum) was established as 22+XX 
for female and 22 + XY for male plants. 

Several sex-linked genes were found in Melandrium by a number of authors 
(see VAN NIGTEVECHT, 1966a), but they contributed little to the further genetic 
studies of sex expression in this genus. On the other hand, information on 
construction of polyploids, obtained quite independently in three laboratories 
in the United States (W ARMKE and BLAKESLEE, 1939), Sweden (WESTERGAARD, 
1940) and Japan (ONO, 1939) was the key for the studies which produced one 
of the best understood systems of genetic and chromosomal control of sex 
expreSSIOn. 

Before going into the details of these studies, some words of caution are 
in order. The first concerns nomenclature. The genus M elandrium is termed 
in some studies (e.g. SHULL, 1910) as Lychnis, and some authors included it 
in Silene. More confusing, the species termed by WESTERGAARD as M. album, 
was included by W ARMKE and BLAKESLEE (1940) and W ARMKE (1946) in M. 
dioica [in conformation with giving album a subspecies rank (M. dioecum ssp. 
alba) by LOVE (1944)]' Moreover, the album spp. used by the American investiga
tors (e. g. WARMKE and BLAKESLEE) was probably not pure and included genes 
from the true M. dioecum. This last assumption, put forward by VAN NIGTEVECHT 
(1966a), could be the source of somewhat different results obtained in different 
laboratories with presumably the same species. Furthermore, the flowering pattern 
and especially the tendency to divert from pure dicliny in the two 'species' 
M. album and M. dioecum, are different. Due to this confusion we shall neglect 
the species designation in our following discussion (as also done by WESTER
GAARD, 1958), but keep in mind that the experiments were actually undertaken 
with different plant material. The final word of caution regards the definition 
of the sex types. M elandrium in general has a tendency to show a certain degree 
of hermaphroditism in its flowers, e. g. in male plants staminate flowers may 
have pistil initials in various degrees of development. In some cases, these flowers 
are female fertile and were used to self-pollinate 'male' plants. This resulted 
in progenies which were even less unisexual, causing great difficulties in the 
classification into sex types. The tabulation of results is, therefore, in some 
cases a poor representation of the results. We may now turn to the findings 
made by several workers in respect to the chromosomal control of sex expression 
in M elandrium. The detailed references to their studies may be found in WESTER
GAARD (1958), VAN NIGTEVECHT (1966a, b), and LEWIS and JOHN (1968). 

It was found that M elandrium is readily amenable to colchicine treatment 
and tetraploids with the chromosomal constitutions 44 + XXXX and 44 + XXYY, 
being female and male, were obtained. These served in various types of crosses 
from which individuals with a specific number of autosomes and sex chromosomes 
could be identified with respect to both their sex expression and their cytology. 
One should obviously keep in mind that although two plants may have the 
same overall chromosomal constitution, e. g. 3 A + XXY, their autosomal constitu
tion can, and probably does, in most cases, differ. There was no way to identify 
all auto somes either cytologically or by genetic means (Fig. 3.18). 

Considering chromosomal constitution and sex expression of individual 
Melandrium plants, the conclusion was drawn that in all cases where the level 



The Active Y Chromosome System 

Fig. 3.18. Tetraploid male and 
female flowers of M elandrium 
album and their karyotypes (after 
WARMKE,1946) 

4A XXXV MALE 
(occasional '1 blossom) 
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of ploidity was 2, 3 or 4 and the number of X chromosomes between 2 and 
5, but without Y chromosomes, plants were female. This was an obvious diversion 
from results with polyploid Drosophila flies (BRIDGES, 1939), as can be seen 
from Table 3.3. 

Table 3.3. The relation between chromosome constitution and sex in M elandrium and 
Drosophila 

Chromosome constitution X/A Ratio Melandrium Drosophila 

1. 2A+XX 1.00 9'9 9 
2. 2A + XXX 1.50 9'9 9 
3.3A+X 0.33 d 
4.3A+XX 0.67 9'9 9 
5.3A+XXX 1.00 C;?'9 9 
6.4A+XX 0.50 9'9 d 
7.4A+XXX 0.75 9'9 ~ 
8.4A+XXXX 1.00 9'\? 9 
9.4A+XXXXX 1.25 \i'\? 

From data of WESTERGAARD (1958). 

In the eight combinations of chromosomal constitutions of M elandrium the 
XI A ratios varied from 0.50 to 1.50, but this had no effect on sex expression. 
On the other hand, sex in Drosophila flies is dependent on the XI A ratio: 
ratios of 1.00 or higher 'cause' female sex expression and ratios of 0.50 or 
lower 'cause' male sex expression. This latter sex-determining system, designated 
'X-autosome balance', thus differs substantially from the Melandrium system. 
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A series of polyploid M elandrium with different numbers of Y -chromosomes 
was also produced, e.g. 2A+XY, 2A+XXY, 2A+XYY, 3A+XY, 3A+XXY, 
etc. Here the picture was not so clear as in plants without a Y -chromosome. 
Basically, all plants having at least one Y-chromosome showed at least some 
tendency to maleness: none of them was female. However, in details, the results 
of W ARMKE differed from those of WESTERGAARD. This was expressed mainly 
in plants with only one Y-chromosome and several X-chromosomes as well 
as several sets of autosomes (e. g. 4 A + XXXXY). In W ARMKE'S material such 
plants were almost hermaphrodite, while in WESTERGAARD'S material they had 
a clear male tendency. Furthermore, when the information is summed up, as 
in Table 3.4, we can see that the Y -chromosome is not the only factor of 

Table 3.4. The effect of different Y - and X-chromosome numbers on sex expression of 
Melandrium. Results are expressed in percent male plants. Total number of plants per 
chromosomal constitution is given in parenthesesa 

Number of Y- Number of X-chromosomes 
chromosomes 

2 3 4 

1 100 (15) 89.3 (28) 35.1 (205) 0(8) 
2 88.1 (42) 58.3 (12) 0(1) 
3 100 (?) 

a Data of WESTERGAARD (1958). 

sex expression: an increase in X-chromosomes brings about a lower percentage 
of male plants, while an increase in Y -chromosomes seems to cause an increase 
in percentage of male plants. 

In certain chromosomal constitutions the effects of both X-chromosomes 
and autosomes could be revealed. We may recall here that although the auto somes 
are regarded as groups of 'A', an extensive exchange of individual chromosomes 
is not excluded-meaning that two plants having, for example, the same overall 
designation of 3 A + XXXY, may differ vastly in their autosomal composition. 
Knowing now that autosomes do affect sex determination, it is no wonder 
that such two plants can be genetically, as well as phenotypically, rather different. 
The effect of autosomes on sex expression is also evident from selfing of XY 
individuals, which had some hermaphrodite flowers. In such plants selection 
can be done resulting, after some generations, in hermaphrodite plants (VAN 
NIGLEVECHT, 1966b). It was ruled out that in these plants the sex chromosomes 
were changed, because out-crossings to normal female plants resulted in progeny 
which segregated in the usual way to female and male plants. Such hermaphrodites 
differed from others of independent origins. In the latter, indications were found 
that changes in sex chromosomes did occur. This leads us to another aspect 
of M elandrium sex determination: the genetic composition of the sex chromo
somes. 

As stated above, normal Y-chromosomes are longer than X-chromosomes; 
moreover, the former are not metacentric. Thus, fragmented Y -chromosomes 
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(e. g. yl) do have a length similar to X-chromosomes but XX have two chiasmata 
in metaphase while Xyl have only one; the fragmented y-chromosome can 
thus be identified. Plants with a fragmented Y were isolated in various ways 
but mainly among progenies of triploids (WESTERGAARD, 1946). 

Figure 3.19 shows three types of fragmented Y-chromosomes. The XY 1 plants 
were found to be true hermaphrodites and out-crossing to normal XX-female 
plants results in female and hermaphrodite plants. It was further found that 

Fig. 3.19. Scheme of normal x- and y-chro
mosomes and fragmented y-chromo
somes of M elandrium as revealed by cyto
genetic studies 

yl 10e::2Z//lC====:=::l<J:l]l@221 

y3 () 

when segment I was missing from Y in such XY 1 plants, normal pistil development 
occurred in their flowers. WESTERGAARD concluded tliat this segment has a 
female-suppressing effect, because it did not interfere with the male expression. 
However, as pointed out previously, a lack aftrigger mechanism is also compatible 
with these results. In the present case the normal function of this trigger would 
be to prevent further differentiation of pistil initials, once anther initials attained 
a certain stage. The point is stressed here because it involves basic concepts 
of floral differentiation. As we shall see in our subsequent handling, the 'trigger 
mechanism' isa rather attractive concept. It is useful to interpret many other 
cases of a sIngle gene difference between plants having only diclinous (unisexual) 
flowers and those having (also or only) hermaphrodite flowers. The requirement 
for a trigger mechanism is rather simple: a mutual, or unidirectional inhibition 
of stamen and carpel initials. We shall detail the discussion of this mechanism 
while dealing with the sex expression in Cucumis. The "trigger" concept (GALUN, 
1961) does not contain a mechanistic explanation. It is merely used to describe 
a situation where, within the same floral bud, either the staminate or the pistillate 
initials, but not both, can attain further development. 

A second type of aberrant Y -chromosome, designated y 3, lacks segments 
III and IV; it thus has no pairing segment. Plants with XY3 are male, but 
sterile. Meiosis proceeds normally but the gametophytes degenerate and no 
viable pollen is produced. Because in Xy3 no carpels Were produced, WESTER
GAARD considered that the segments III-IV are not involved in female suppression 
but in the completion of anther differentiation. 

By attributing a female-suppressive effect to the distal end of the Y -chromo
some (I), and a late-stage anther differentiation control to the proximal (III-IV) 
segments ofY, WESTERGAARD deduced that the central segment (II) must include 
genes which control initiation of anther formation. WESTERGAARD'S conclusion, 
though compatible with his results, is obviously not the only one. Unfortunately, 
not many physiological investigations on the sex expression of M elandrium were 
made. The information which is available does not favor WESTERGAARD'S inter-
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pretations. The most clear evidence against an absolute Y -chromosome require
ment for anther initiation comes from a phenomenon known for many years 
(STRASBURGER, 1900; detailed description by BAKER, 1947); when female (XX) 
M elandrium plants are infected by the smut U sti/ago violaceae, the staminate 
initials do differentiate into anthers and hermaphrodite flowers are produced; 
the anthers, however, are filled with fungal spores rather than with pollen grains. 
The differentiation of anthers in flowers of genetic XX, female plants was also 
reported (LOVE and LOVE, 1945) to occur after application of animal steroid 
male hormones (e. g. testosterone), but this observation probably requires confir
mation. 

Several genes located on the X- and Y -chromosomes are known in M elandrium. 
Such sex-linked genes, as well as markers for specific autosomes, could be rather 
useful in genetic experiments in conjunction with polyploids and fragmented 
Y -chromosomes to obtain a better understanding of the location of genes controll
ing sex regulation. No data resulting from such studies are available. It would 
be fair to argue that M elandrium deserves an experimental, rather than an 
interpretational approach to the physiology of sex regulation. Future experimental 
work should utilize the wealth of genetic sex types. The regulation of sex expression 
in M elandrium may then be investigated by means of thermophotoperiodic studies, 
by application of growth regulators and by floral bud culture. The last of these, 
used several years ago for the study of sex expression in Cucumis (GAL UN 
et aI., 1962, 1963; PORATH and GALUN, 1967; GALUN and PORATH, 1970), 
has yielded interesting results recently in the study of the sex regulation of 
Cleome (JONG and BRUINSMA, 1974a). 

Several other plant systems in which the Y-chromosome has a decisive role 
in sex determination were reported (WESTERGAARD, 1958; LEWIS and JOHN, 
1968). The information on these is less detailed than on M elandrium and, therefore, 
will not help us to understand this system better. We may, however, refer to 
one of these-the sex determination in species of Rumex subgenus acetosella. 
This subgenus consists of four species with 7 chromosomes as the basic number 
(x), the 211 chromosomes numbering thus 14, 28, 42 and 56, respectively. They 
are all dioecious and have basically the M elandrium type of Y -chromosome 
sex determination. SINGH and SMITH (1971) reported on a hexaploid (6x=42) 
R. acetosella with homomorphic "sex chromosomes" designated SF and sm. 
The sm chromosome plays a decisive role in sex determination, probably by 
inhibiting, according to these authors, the female potency located in the SF 
chromosome. The autosomes were not assigned a major role in sex regulation. 
Sex was therefore assumed to be controlled by a few major- or several minor genes 
in the two homomorphic sex chromosomes. rhus, we are faced here with a 
unique situation: a hexaploid with only one pair of sex chromosomes, and 
these being homomorphic. 

3.2.1.6.2 The X-Autosomal Balance System 

This is the classical "Drosophila System" studied by BRIDGES (1939). It is repre
sented in plants by species of the Rumex belonging to the subgenus acetosa. 
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This subgenus includes species with a wide range of sex expressions, e. g. hermaph
rodite, monoecious, and dioecious. The chromosome number is also quite variable 
among these species (LOVE and SARKAR, 1956) and even within the same species. 
Moreover, this subgenus includes also a species, Rumex paucifolius, having the 
M elandrium type of active Y -chromosome sex regulation (SMITH, 1968). Therefore, 
Rumex subgenus acetosa is well suited for investigators interested in the evolution 
of sex determination in plants. The dioecious species of subgenus acetosa, with 
the exception of R. paucifolius (2 n = 14 or 28), have an overall chromosome 
constitution of 2A+XX in female and 2A+XY, Y2 in male plants. Detailed 
analyses of the role of sex chromosome in sex determination in R. acetosa 
were performed first by ONO and subsequently by several other investigators 
(see SINGH and SMITH, 1971, for references). The results of these studies, in 
which polyploids and aneuploids were produced and utilized, revealed a regulation 
which functions through the balance between the number of X-chromosomes 
and the number of genomal sets (A) of autosomes. Thus, in typical R. acetosa, 
the female plants are 2A + XX and the male plants are 2A + XY, Y 2, representing 
ratios of 1.00 and 0.50, respectively. In the experiments with polyploids it was 
found that plants with ratios of 0.50 and lower, e. g. 3 A + XY, Y 2 were male 
plants and plants with ratios of 1.00 and higher, e. g. 3 A + XXXX, were female. 
Plants with ratios between 0.50 and 1.00, e. g. 3 A + XX, were intermediate in 
their sex expression. The conclusion was reached that female-promoting genes 
are located on the X-chromosome, and male-promoting genes on the autosomes. 
A detailed analysis by YAMAMOTO (1938) even assigned sex genes to specific 
autosomes; chromosomes a1, a4 and a6 were found to promote maleness. More
over, YAMAMOTO also found that chromosomes a2 and as promoted femaleness. 
Thus, female promotion is not limited to the X-chromosome. The autosomes 
therefore seem to contain both male- and female-promoting genes, but the net 
effect is male promotion. The final sex expression is thus a result of balance 
between the auto somes and X-chromosomes. This final conclusion was verified 
more recently by ZUK (1963), who produced a series of polyploids using two 
other species of the subgenus acetosa, as shown in Table 3.5. 

By analyzing ZUK'S results we may observe that although they conform 
to the X-chromosome/autosome balance hypothesis, actually there were no male 
plants without a Y-chromosome. Thus, the Y-chromosome may have a certain 
sex-regulating effect. On the other hand, in the active Y-chromosome system 
of M elandrium, both the autosome and the X-chromosome also affected sex 
expression. We may thus conclude that there is no sharp distinction between 
the two systems, nor should there be one on theoretical grounds. This is not 
surprising, considering R. paucifolius, which systematically belongs to the subgenus 
acetosa (where the X-chromosome/autosome balance prevails) but has an active 
Y -chromosome system for sex regulation. 

3.2.1.7 Genetics of Sex Determination in Some Economic Crops 

The genetic basis of sex determination of nine economic crops is summarized 
in Table 3.6. In this summary only the main facts concerning the major genes 
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Table 3.5. Karyotype, sex and sex index of Rumex thyrsifolia and Rumex arifolia and 
their polyploid hybrids' 

Plant 

Rumex thyrsifolia 
Rumex thyrsifolia 
Rumex arifolia 
Rumex arifolia 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 
Polyploid hybrid 

Karyotype 

2A+XX 
2A+XYY 
2A+XX 
2A+XYY 
3A + XXX 
3A+XXY 
3A+XXX 
3A+XXYY 
3A+XXYYY 
3A+XYYY 
3A+XX 
4A+XXXX 
4A+XXYYYY 
4A+XXXYYY 
4A+XXXYY 

Sex expression 

",.", 
chi 
",.'1'. 

e}'cJ 
chi--> d'e} 

cJ·cJ 
a·o->-j·cJ 
a'o 
e}.e} 

'i"'" a·a 
e}.e} 
",.",-> cJ· '" 

Sex index 

1.00 
0.50 
1.00 
0.50 
1.00 
0.67 
0.67 
0.67 
0.67 
0.33 
0.67 
1.00 
0.50 
0.75 
0.75 

• From ZUK (1963), with some omissions and change of index to conform with the Drosophila 
indexing. 

affecting sex are mentioned and those interested in details are referred to a 
choice of publications. It should be noted that in some cases there are disagree
ments among authors; therefore, for a real acquaintance with the inheritance 
of sex the references should be consulted. Table 3.6 also gives short remarks 
on the utilization of sex expression for breeding. In addition to the references 
cited in the above-mentioned table, the reader is referred to the following reviews: 
ALLEN (1940), WESTERGAARD (1958) and LEWIS and JOHN (1968). Three of 
the crops mentioned in Table 3.6 (cucumber, hemp and maize) are described 
in Section 3.2.3 below. 

3.2.2 Modifications of Sex Expression 

3.2.2.1 Introduction 

There exists a wealth of information on modifications of sex expression in 
spermatophytes. This information was reviewed lind discussed thoroughly several 
times during the last half century (e. g. CORRENS, 1928; LOEHWING, 1938; HESLOP
HARRISON, 1957, 1972; NAPP-ZINN, 1967). We shall thus refrain from repeating 
the information here. We shall rather try to analyze the nongenetic factors 
involved in modifications of sex expression, giving a few examples for illustration. 

Sex modification has a clear and unambiguous meaning in three types of 
plants: hermaphrodite, androecious and gynoecious. Thus, any diversion from 
the normal development of functional stamens and pistils in each flower of 
a plant known to be hermaphrodite while unaffected by modifying factors is 
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obviously a sex modification. This definition also holds true for plants in which 
we have a clear previous indication that they should develop unaffectedly into 
either pure androecious or pure gynoecious plants. When such plants, as a 
result of exposure to modifying factors, show development of pistils and stamens 
respectively, this is a manifestation of sex modification. In other sex types listed 
in Chapter 1, namely, monoecious, andromonoecious, gynomonoecious and tri
monoecious, sex modification has an ambiguous meaning. This is not merely 
a semantic problem, but is rather basic to a clear understanding of the control 
of sex expression and has also an important bearing from the practical point 
of view. 

We shall be concerned first with monoecious plants. Our reasoning for other 
sex types, listed above, will become obvious by simple extrapolation. In monoe
cious plants there are only two types of flowers-male (staminate) and female 
(pistillate) (Fig. 1.5). Referring to Chapter 1 of this book, let us assume that 
all flowers are potentially bisexual and that only stamens or the pistil may 
achieve actual differentiation in monoecious plants. We are now ready to consider 
sex modifications from two completely different points of view. First, we may 
look at the plant as a 'whole', and at certain times determine the number of 
male and female flowers and from this count derive a ratio of male-to-female 
flowers. This ratio will serve as a parameter of "sex tendency". A slight variation 
of this approach will be to count continuously all male and female flowers 
until a certain day. When investigating factors which modify sex expression, 
the "sex-tendency" of plants exposed to such factors will be compared with 
the "sex-tendency" of control plants. 

On the other hand, we may focus our attention on individual flower buds 
located at specific sites on the plant, and ask whether or not exposure to certain 
factors will modify the sex of these flowers. 

The latter approach has advantages in studies intended to improve our 
understanding of the mode of sex regulation, as will be detailed elsewhere. 
However, if we are only asking whether or not a certain factor (e. g. high tempera
ture) affects sex expression, both approaches are applicable, provided one assump
tion is validated: throughout the flowering pattern ofthe plant there is a completely 
random distribution of male and female flowers. Such a random distribution 
was never actually shown for any monoecious plant. On the contrary, many 
monoecious plants (e. g. maize) bear male and female flowers on different parts 
of the plant. In other monoecious plants the ratio of male-to-female flowers 
changes gradually during ontogeny in a direction which is typical for the plant 
in question. The change may take place by a gradual increase in the numbers 
of female flowers in the course of maturation, as is the case in many cucurbits 
(see NITSCH et aI., 1952); or the change occurs within an indeterminate inflores
cence, as in banana (Musa spp.) and castor (Ricinus communis). In the banana 
plant the change is from female to male flowers, while the opposite occurs 
normally in castor racemes. It can, therefore, be concluded that male and female 
flowers are not randomly distributed in monoecious plants and that in these 
plants there exist spatial differences in the ratios of male to female flowers 
as well as gradual changes in this ratio during ontogeny. Further examples 
will be given in our future handling of individual species. At this stage we 
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should note that the nonrandom distribution of flowers may lead to erroneous 
deductions if sex expression is evaluated by "sex-tendency". Reference to Fig. 
3.20 will make our point clear. In this figure we presented a scheme of a monoecious 
plant. Its flowering pattern is divided into three zones (I, II and III). If "sex-ten
dency" is determined when the plant is flowering only in zone I, the plant 
will be regarded as pure "male": 9 male flowers/no female flowers. Obviously 
when "sex-tendency" is evaluated from both zones I and II, a ratio of 17 male 
to 7 female flowers will be obtained; if only zone III is used for "sex-tendency" 
determination, the same plant will be regarded as pure female. From this schematic 
example we can deduce that any factor-even one not involved at all with 
sex regulation of the floral bud-which will cause the plant to stop flowering 
(e. g. at zone I or II), or, on the contrary, cause the plant to attain quick 
maturation and thus facilitate flowering (e. g. early flowering in zone III), will 
cause an apparent change in sex expression, when indeed sex expression is 
evaluated by counting male and female flowers. Factors such as temperature, 
light, nutrition and pruning obviously affect maturation, habitat, and time of 
attainment of the flowering stage in plants. Thus, changes in the ratio of male-to
female flowers caused by these factors cannot be accepted as unequivocal indica
tions of sex; m.odification. The unfortunate fact is that more often than not, 
claims as to t)1e effects· of sex-modifying factors were based in the literature 
on such changes in "sex tendency". 

Another difficulty in deriving correct conclusions on the effects of environmen
tal factors on sex expression in plants results from experimental procedures. 
In very few reported experiments could the true effect of a single factor be 
determined, because several of them were changed together. Thus, total light 
energy and duration of illumination were rarely if ever separated. Light and 
temperature effects can be tested only under controlled conditions and these 
exist only in 'ideal' phytotrons. Even in phytotrons the control of the temperature 
experienced by the tested plants, is questionable. Moreover, even for apparently 
"simple" factors such as mineral nutrition, most of the available literature gives 
ill-defined experimental conditions. With these reservations in mind, we can 
deal with the nongenetic modifying factors of sex expression. 
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Fig. 3.20. Changes in the ratios of male 
( .) to female (0) flowers ("sex tendency") 
during the ontogeny of a monoecious 
plant 
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3.2.2.2 Mineral Nutrition and Edaphic Factors 

One of the earliest reports based on experimental work on sex, modification 
caused by edaphic factors, was concerned with the effect of soil type on sex 
in hemp. MOLLIARD (1897) reported that 'poor' soil favors the production of 
female flowers in this plant: he observed a ratio of 425 female to 100 male 
plants in poor soil, as opposed to a ratio of close to 1: 1 of such plants in 
rich soil. This conclusion seems now, with the information of many experiments 
on hemp at hand, rather doubtful, if not wrong. The plants of MOLLIARD 
growing in 'poor soil' were also cultured under a short-day and low temperature 
regime; moreover, no chemical definitions of the 'poor' and 'rich' soils were 
furnished. This deficient definition of experimental conditions and lack of separat
ing the modifying factors are quite typical of the many studies of the effect 
of edaphic factors on sex in plants. Thus, in spite of many pUblications in 
this field, which were summarized in the reviews cited above, no dear-cut conclu
sions can be drawn from such studies. 

Another example will illustrate some points noted in Section 3.2.2.1. Arisaema 
japonica (Araceae) was regarded in old texts as a dioecious species, due to 
the fact that in natural habitats both female and male plants were observed. 
Detailed investigation by MAEKAWA (1924) showed that this species is actually 
monoecious. A. japonica is a perennial having a corm which each year forms 
two foliar leaves and a scape with a terminal spadix on a rachis. The spadix 
produces unisexual flowers; it develops from the axil of the upper leaf while 
the axil of the lower leaf holds the bud of the next year's shoot. MAEKA W A 
found that the same plant which was devoid of flowers during .the first one 
or two years, produced only male flowers in subsequent years on its 'spadix, 
while in later years this plant produced only female flowers. Moreover, MAEKA WA 
found that culture conditions affect sex expression in A. japonica. Plants grown 
under conditions which result in a larger corm tended to become 'female' earlier. 
Thus, nearly all the plants in a field with corms of over 25 g were 'female', 
while those with corms of between 4 and 21 g were 'male-plants'. Replanting 
'female-plants' in sand and under low humidity conditions, or removal of the 
foliar leaves, resulted in production of male spadixes by some of the transplanted 
plants. From MAEKA W A'S investigations we can conclude that the differentiation 
of the floral buds was affected by nutritional (or, indirectly, hormonal) conditions 
prevailing during the preceding season. Still, the nutritional conditions were 
not defined and under the same field conditions the plants showed a range 
of responses. Thus, a real causal relationship between nutrition and morphogenetic 
regulation cannot be drawn from the above mentioned experiments. A. japonica 
was not the only species which was erroneously defined as dioecious; a similar 
case is M yrca gale (DAVEY and GIBSON, 1917). 

Begonia semperjlorens will serve as another example of an apparent effect 
of nutrition on sex expression. This species is monoecious and METZGE (1938) 
reported that in rich soil the ratio of female to male flowers was 1 to 2.8, 
while in poor soil the ratio changed to I to 4.5. Such results would indicate 
a simple edaphic effect on sex expression. However, a closer look will reveal 
some uncertainties. First, the total number of flowers is drastically reduced 
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in poor soil. Then, we should look at the flowering pattern of B. semperjlorens, 
as presented schematically in Fig. 3.21. The inflorescence of B. semperjlorens 
is a dichasium passing into a cincinnus; the terminal flowers are female. From 
this scheme it is rather clear that prevention of the inflorescence from reaching 
the terminal female phase will cause a shift to maleness. The flowering pattern 
of this plant is thus reminiscent of the theoretical scheme presented in Fig. 
3.20, and the rationale is obvious. 

Fig. 3.21. Scheme of an inflorescence of 
Begonia semperjlorens showing the pattern 
of male (.) and female (0) flower distribution 

Turning to the individual floral bud we may ask whether or not there is 
a promotion or inhibition of either staminate or pistillate differentiation imposed 
by nutritional conditions. A study which came close to answering these questions 
was reported by DE JONG et al. (1974), who cultured isolated floral buds 
of Cleome iberidella in vitro under variable conditions. This species has male 
and hermaphrodite flowers (i. e., it is an andromonoecious species). It was found 
that the addition of various organic nitrogen sources (e. g. glutamic acid, urea) 
shortened the pistil's length, and so did the addition of N03 and succinate 
to the normal basal medium. Nevertheless, these authors decided that neither 
nitrogen nor carbohydrate nutrition had a direct effect on floral differentiation 
and rather favored the possible involvement of hormones in floral differentiation. 
Unfortunately, the Cleome floral buds were put into culture after sex determina
tion; thus, all variations in relative pistil length are not relevant to the basic 
question regarding the factors which are decisive at the early, potentially bisexual, 
stage of the floral bud. 

The few examples presented above briefly illustrate the general lack of precise 
information on the effect of nutritional and edaphic factors on sex expression 
in plants. Still, as noted above, the quantity of information available on the 
effect of these factors on sex is rather extensive and from it most reviewers 
of this subject concluded that, in general terms, 'rich' soil and a high nitrogen 
supply tend to promote femaleness. 

3.2.2.3 Light 

As opposed to edaphic and nutritional factors, light is a rather dermed entity 
and thus easily applicable to experimental manipulations. Most of the information 
at hand concerns the effects of various daily durations of illumination on sex 
expression and floral differentiation, while little or nothing is known on the 
effects of light intensity and quality on these morphogenetic processes. 
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From the bulk of the information on this subject it may be generalized 
that, with the exception of some Long-Day (LD) plants, shortening the duration 
of daily illumination and/or reducing light intensity, shift sex expression toward 
femaleness. Or, in an even more general way, light conditions which promote 
flowering also promote female sex expression. This latter overall conclusion 
was arrived at by several authors who reviewed this subject (e. g. HESLOP-HARRI
SON, 1957; NAPP-ZINN, 1967); nevertheless, this conclusion was challenged. HEIDE 
(1969) reported results with Begonia which apparently showed that promotion 
of flowering and of female sex expression are not necessarily connected. A 

Table 3.7. The effect of temperature and day length on sexuality in Begonia cheimantha. 
Flower number refers to seven plants in each treatment 

Temperature 
(0C) 

18 
21 
18 
21 

Day length 
(h) 

8 
8 

24 
24 

Data from HEIDE (1969). 

N umber ~fjlowers 
male female 

1,512 
862 
889 
372 

8 
7 

148 
131 

Percent female 
flowers 

0.5 
0.8 

14.3 
26.0 

summary of her results is presented in Table 3.7. This plant is monoecious 
(see Fig. 3.21), and flowering is promoted by low temperature and short days. 
Daily light durations and temperature interact within a certain range; flowering 
occurs even in continuous light, provided the temperature is kept below 24°C. 
Thus, Begonia cannot be classified as a 'true' Short-Day (SD) plant. The data 
of Table 3.7 show that under both 18°e and 21 °e, lengthening daily duration 
of illumination caused an increase, rather than the expected decrease, in femaleness. 
Still, we should note a reservation: from HEIDE'S results it is not clear whether 
or not an 8-hour daily light period is optimal for flowering; it may be too 
short, i. e., suboptimal. If the latter possibility is correct, then one cannot accept 
HEIDE'S claim because several cases are known where a very low light intensity 
or a very short daily illumination reverses the effect of normal SD conditions. 
We shall see below that this was found in cucumber, where there is good 
evidence that SD promotes femaleness. 

X anthium pennsylvanicum is a monoecious species, which served in numerous 
experiments as a model SD plant. NIEDLE (1938) reported that LD treatments 
of plants which were previously induced to flower (by exposure to SD), caused 
an obvious shift toward maleness, in conformation to the generalization stated 
above. Supporting evidence along this line came from NAYLOR (1941). However, 
more recent results (VON WITSCH, 1961) with other X anthium species which 
are Day-Neutral in respect to photoperiodism, indicated that lengthening the 
daily illumination shifted sex expression toward maleness; there is thus no evidence 
in X anthium for a fixed connection between floral retardation and sex expression. 

Let us at this stage reconsider the subject of sex modification by looking 
at it as a process which has to be determined in each individual floral bud, 
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or as a result of a process which is determined at the whole-plant level. The 
early investigators, at the beginning of this century, looked at male and female 
plants just as zoologists looked at male and female animals, i. e., they assumed 
that the determination of sex occurs only once in the life span of the plant. 
Working with dioecious plants they therefore estimated the effects of sex modifiers 
by changes induced' by them in the ratio of male to female plants in a segregating 
population. This is exemplified by the experiments of TOURNOIS, which are 
worth special attention. In studies with Humulus japonicus (Japanese hop), 
TOURNOIS (1911) was the first to demonstrate photoperiodism: flowering was 
induced by keeping the plants for 18 h daily in black boxes, while reversion 
to vegetative growth occurred when the plants were exposed to LD. SD conditions 
also affected sex expression: rather than the usual 1: 1 ratio of male-to-female 
plants, TOURNOIS observed under SD conditions a ratio of 30 to 48. However, 
as already indicated by TOURNOIS, even the 30 male plants had some stamens 
with carpelar structures. Thus, sex expression could not be regarded as determined 
explicitly on the whole-plant level. TOURNOIS also reported a change in the 
ratio of male to female plants caused by light regime in another dioecious 
species: Cannabis sativa (hemp). These as well as quite a number of similar 
cases were reviewed by several authors, as indicated above. 

The many observations which indicated vast effects of environmental condi
tions on sex expression convinced SCHAFFNER (see SCHAFFNER, 1935, for review 
of his publications) that genetics has nothing to do with sex determination, either 
in plants or in animals. This view, now obviously known to be wrong, was 
held by SCHAFFNER and some of his contemporaries for several years. Experimen
tal evidence against SCHAFFNER'S assumptions is overwhelming. We shall mention 
here one study of BORTHWICK and SALLY (1954) on hemp. In conformation 
with previous reports, these authors showed that when daily illumination exceeded 
17 h, flowering was inhibited in hemp; in photoperiods of between 10 and 19 h, 
the ratio of male to female plants gradually increased. However, BORTHWICK 
and SALLY found that individual genetic lines differed significantly in their 
response to the light regime. Another observation of this study was that when 
plants were pruned to obtain a Y shape, and each of the two main branches 
was exposed to a different photoperiod, there was no transfer of effect between 
these branches. A final note about this study: photoperiods causing incipal 
flowering induced only male flower differentiation; moreover, these flowers were 
initiated in leafaxils which were quite far removed from the shoot tip; and 
this is unusual for male flowers of hemp, which under normal inductive photoper
iods are borne very close to the shoot tip. 

A very sound approach to the study of the effect of photoperiods on floral 
differentiation was taken by BATCH and MORGAN (1974), who studied spike 
and floret development in barley. They used plant material which reacted strongly 
to day length: LD promoted flowering and SD suppressed it. BATCH and MORGAN 
exposed barley plants to LD and found that under the conditions of their 
experiment, spike differentiation went through a sequence of developmental 
stages. Groups of plants were thus removed from LD at specific stages, and 
transferred to SD conditions. This experiment is summarized in Table 3.8. It 
was found that the shift to suppressive photoperiods at any time after 21 LD 
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Table 3.8. Effects of photoperiod on fertility of barley. Plants were exposed to photoinductive 
LD and after different periods were shifted to SD. The developmental stages of the spikes 
of the main shoot, at the time of shift to SD, were determined by dissection 

Days in LD before shift to SD 

21 35 42 56 

Develop. stage of "Double- Stamen Awn Final spike 
spike (main shoot) ridge" initials initials differentiation 
at transfer to SD 

No. of spikes/plant 3.9 3.7 3.4 3.9 3.6 

No. of grains/plant 63 60 60 52 27 

No.offlorets/plant 98 96 92 101 92 

Percent fertile 
florets/plant 65 63 64 51 30 

Percent fertile 
florets/main shoot 90 76 70 15 67 

Percent fertile 
florets/shoot of 
3rd leaf tiller 55 61 77 68 6 

Data from BATCH and MORGAN (1974). 

did not reduce the number of spikes per plant. The number of florets per 
plant was also not affected. A late transfer to SD did reduce the number of 
grains per plant. The fertility of florets was strongly affected by the transfer 
to SD; moreover, in those plants transferred to SD after 42 days under LD, 
the florets ofthe main shoot were almost completely infertile. Further examination 
showed that actually only the pollen of these florets had degenerated, whereas 
ovary development was not affected. The "awn initials" stage coincided with 
the beginning of meiosis in the anthers; thus, it seems that this stage is most 
sensitive to the photoperiodic regime. The fertility of florets of the spike of 
the third leaf tiller was strongly reduced by transfer to SD at 56 days after 
the beginning of LD treatment. This 14-day delay relative to the main shoot 
was an obvious result of the later stage of floret differentiation in the spikes 
of the tillers. This approach of relating the effect of an environmental factor to 
a specific sensitive stage and tissue within the differentiating floral bud is instru
mental for a real understanding of the morphogenesis of sexual organs (HESLOP

HARRISON, 1972). We may recall that according to HESLOP-HARRISON'S scheme 
(Fig. 1.2), once initials of a certain floral member are "committed", they will 
continue their differentiation in a predetermined way. Thus, stamen initials will 
either stop their development or develop into normal stamens. This is the normal 
trend in most plants and under usual conditions, but there are exceptions, 
many of which were reported by CORRENS (1928). In these exceptions floral 
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Fig. 3.22. Stigmatized anther of a Nicotiana tabacum mutant 
regenerated from an X-ray-radiated mesophyll protoplast cultured 
in vitro 

members change their normal development during ontogeny, resulting in 'sex
reversions'. This may result in anthers with carpels or stigmata-like structures. 
Certain light conditions seem to evoke such modifications, as mentioned above 
for hemp and as known in Carica papaya and several other dioecious species. 
Such modifications are not restricted to dioecious species, nor are they caused 
by environmental conditions only. 'Sex-reversions' within a floral member are 
known even in hermaphrodite plants, and some of these are controlled genetically. 
An example is presented in Fig. 3.22. 

3.2.2.4 Temperature 

The effect of temperature on sex expression of plants has been recorded for 
a number of dioecious and monoecious species, among them several important 
crops. Although few of these reports were based on very carefully executed 
experiments, they led to the conclusion that within external conditions allowing 
normal growth and development, high and low temperatures promote maleness 
and femaleness, respectively (see for references NAPP-ZINN, 1967; HESLOP-HARRI
SON,1972). 

In some dioecious species (hemp), a shift from higher to lower temperature 
usually caused not only an increase in the ratio of female to male plants, but 
also the appearance of female flowers on male plants. It thus seems that the 
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change in sex regulation can take place at various stages III the ontogeny 
of the plant. A very early temperature shift will revert 'genetic male' plants 
into female phenotypes, a later shift will cause a change in sex expression in 
individual floral buds resulting in monoecious plants, and a very late shift 
may induce the occurrence of bisexual flowers. Bisexual flowers were actually 
recorded in normally dioecious species under certain thermal conditions. 

Temperature-induced changes in sex expression in 'genetic females' are clearly 
observable in perennial dioecious plants. Thus, LANGE (1961) reported femaliza
tion of male papaya trees caused by low temperature. 

Although in general terms trees seem to conform with annual crops in showing 
stronger female tendency at lower temperatures, the factual data are scarce. 
A study was made by BADR and HARTMANN (1971) in which controlled tempera
ture conditions were applied to olive trees. The olive is usually an andromonoe
cious plant, but when exposed to an insufficient cold floral induction period, 
male flowers (with rudimentary pistils) predominate. The temperature regime 
during the inductive periods seems to affect sex expression quite considerably 
(Table 3.9). 

Table 3.9. The effect of temperature regime on sex expression of 'Ascolano' olives 

Treatment Environmental conditions Flower buds Perfect flowers 
No. produced (%) produced (%) 

1 Outdoors: Dec. 13-Feb. 10 23 68.5 
2 rc for 20h, 26°C for 4h: Dec. 13-

Feb. 4 62 21.3 
3 12.5°C for 20h, 21°C for 4h: Dec. 

13-Feb.4 63 3.5 

Data from BADR and HARTMANN (1971); number of trees per treatments 1, 2 and 3 was 
5, 10 and 10, respectively; all trees were grown outdoors until Dec. 12, and returned to 
the greenhouse after treatment; outdoor winter temperatures were approximately 0-5° and 
10-15°C during night and day, respectively; the greenhouse was kept above 16°C. 

In monoecious plants, changes in sex expression caused by shifts to different 
thermal conditions are easily recordable. In some of these (cucumber and maize) 
the effect of temperature on sex expression was examined under defined conditions, 
and it was clear that under low temperature regimes female flowers occurred 
at sites normally occupied by male flowers in plants kept under higher temperature 
regimes. Examples of such experiments will be presented below, along with 
a detailed discussion of the sex expression of these plants. 

In crops belonging to hermaphrodite species, by definition, there is no 'trigger 
mechanism' in their floral buds; thus, both stamens and pistils attain their 
final morphological development. In such species, changes in sex expression 
are manifested by the relative final size and development in the reproductive 
members of the flowers. Unfortunately, we have no reliable information on 
the effect of temperature on the sex expression of these species, as separated 
from other environmental conditions. The observations on temperature-induced 
sex modifications in hermaphrodite species were based almost exclusively on 
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plants grown in a complex of environmental conditions which did not allow 
strict separation of the effect of temperature. Thus, HOWLETT (1939) reported 
a vast variation in the relative size of pistil and stamens of tomato varieties 
grown under different environmental conditions. He found that it was due mainly 
to an increase in pistil size of plants grown in the winter months, that an 
increase occurred in the pistil/stamen ratio. HOWLETT attributed this change 
to the prevailing short day, giving little or no reference to temperature. Based 
on observations by SMITH (1932) and later workers (e.g. OSBORNE and WENT, 
1953), we tend to conclude that low temperatures, by themselves, promote pistil 
development and suppress functional pollen production, rendering winter-grown 
tomato plants partially parthenocarpic. 

Extreme high and low temperatures may strongly affect reproductive members 
in floral buds. Such effects cannot be categorized under environmentally controlled 
changes in sex expression, but they are of considerable economic importance. 
In inflorescences ofthe dwarf Cavendish banana, which attain floral differentiation 
under low winter temperatures (below 12 0c), the embryonal bisexual flowers 
develop into abnormal female flowers, lacking one or more carpellar leaves. 
Such flowers result in fruits which are unacceptable on the market (F AHN et 
aI., 1961). 

R YLSKI, who studied the effects of environmental conditions on flowering, 
fruit-set and fruit-shape of pepper found overdeveloped and deformed ovaries 
in flowers which attained anthesis under low (8-10 0c) night temperatures (R YLSKI, 
1973). Flowers with split ovaries and multiple styles were observed by NOTHMANN 
and KOLLER (1973 a) in eggplant plants growing under low temperatures, altl:lOugh 
such conditions did not increase the length of the style. 

Cereals were also reported to be affected by extreme environmental conditions. 
GREGORY and PURVIS (1947) reported teratological development of anthers 
and pistil in barley following a very dry and hot period in the early summer; 
and MELETTI (1961) reported that conversion of anthers into carpellar structures 
occurred in a wheat variety kept under constant illumination and low temperature. 

Floral abnormalities caused by very high or very low temperatures are of 
little economic importance as long as the crops are cultivated during their 
normal season, but with the increasing tendency to produce food out-of-season, 
these abnormalities should be considered seriously in both breeding work and 
crop production. The reader is referred to MEYER (1966) for a thorough review 
of this subject. 

3.2.2.5 Chemical Agents 

In this section we shall deal with the effects of the main groups of plant growth 
regulators on sex expression. We shall not present a comprehensive review 
of this subject because this has already been done quite thoroughly and critically 
(see HESLOP-HARRISON, 1972). Additional information on the effect of plant 
hormones on sex expression of several crops will be presented in Section 3.2.3. 
We shall thus confine ourselves mainly to some basic considerations and present 
a selected group of experimental results on this subject. 
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Experimental modification of sex in angiosperms by chemical agents was 
probably first reported by MININA (1938), then working in Kiev. She treated 
cucumber plants by the 'Klin' method: the greenhouse was sealed when the 
plants reached the 3 to 4-leaf stage and flue gas consisting mainly of CO was 
introduced, up to about 1 % of the greenhouse atmosphere. An 11 to 12-hour 
treatment caused a vast change in sex-tendency, increasing the ratio of female 
to male flowers. MININA·S results were verified in her own further studies 
as well as by HESLOP-HARRISON and HESLOP-HARRISON (1957). The latter 
reported on the effect of CO on the sex expression of M ercurialis and later 
attributed the sex-modifying effect of the flue gas to its ethylene component 
rather than to CO (HESLOP-HARRISON, 1959). This strong ethylene effect was 
indicated more directly some years later by McMuRRAY and MILLER (1968). 
These authors applied 2-chloroethylphosphonic acid (a compound which decom
poses in the plant and releases ethylene) to monoecious cucumber plants. One 
240-ppm spray of this compound resulted in 19 consecutive nodes bearing only 
female flowers. This vast change in sex expression seems to be quite outstanding, 
but basically at least a significant change of sex expression in cucumbers and 
related species has been indicated by other studies (see Section 3.2.3.1). 

RESENDE and co-workers attempted to rationalize the effect of growth regula
tors on sex expression in plants (RESENDE, 1967). They argued that the floral 
members can be arranged according to their 'vegetative' and 'reproductive' char
acter in the following order: calyx, gynoecium, corolla and androecium. Thus, 
growth regulators, such as auxins, which promote vegetative development, cause 
hypertrophy of the calyx and the gynoecium. In accordance with this assumption, 
RESENDE (1953) found that when IAA was injected in Hyoscyamus niger stems, 
flowering was retarded and in those floral buds which did develop, there was 
an outgrowth of the calyx and the gynoecium and a corresponding suppression 
of the corolla and androecium. Support for a parallel reaction of calyx and 
gynoecium was furnished by HESLOP-HARRISON (1959). 

There are two basic questions about the response of plants having diclinous 
(unisexual) flowers to compounds affecting sex expression: (1) Is the change 
in sex expression realized by suppression of the reproductive members of the 
floral bud or by a direct promoting activity? (2) Do the growth regulators 
affect the embryonal floral buds themselves, thus causing them to develop further 
into either male or female flowers, or do these regulators act at an earlier 
stage, perhaps indirectly, thus inhibiting or promoting potential male or female 
floral buds from incipient development? Evidence was furnished in favor of 
contradictory answers for each of these questions; some of it will be discussed 
below in respect to sex expression of cucumber, but it may well be that there 
exists no general answer to these questions and different regulatory mechanisms 
exist in specific species and in response to specific regulators. 

3.2.2.5.1 Auxins and Related Compounds 

Cucumber was the first plant in which it was shown that auxin can alter sex 
expression (LAIBACH and KRIBBEN, 1949). Thus, disregarding unconfirmed pre-
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vious reports on the effect of animal hormones on plant sex, cucumber can 
be regarded as the first plant in which sex expression can be modified by 
a defined chemical compound. The above authors applied a-naphthaleneacetic 
acid to monoecious cucumber plants and observed a substantial increase in 
the number of female flowers. Further studies by LAIBACH and KRIBBEN (Table 

Table 3.10. The distribution of female flowers in the first seven leafaxils of monoecious 
cucumber plants treated with auxin 

Treatment 

Control 
0.1 % 2,4 dichlorophenoxy 
acetic acid 
0.1 % naphthaleneacetic acid 
0.1 % indoleacetic acid 

Number of female flowers 
in successive leaf axils 

2 3 4 5 6 

2 

2 
4 8 1 10 11 

1 2 1 2 

Number of female 
flowers in the first 
seven leaf axils 

7 

2 3 

3 
8 45 
2 11 

Data summarized from LAIBACH and KRIBBEN (1951); auxins were applied in lanolin paste 
to the cut surface of the petioles of the first two leaves; average of ten plants, rounded 
off to whole integers. 

3.10) and several other authors confirmed the femaleness-promoting effect of 
auxins in cucumber as well as in other monoecious plants. Several dioecious 
plants such as hemp and papaya responded similarly to auxin application. WES

TON (1960) reported the development of male flowers on genetic female hop 
plants after 2-chlorophenyl(thio)propionic acid application and suggested that, 
contrary to SO plants, LD plants such as hop respond to auxin application 
by an increase in maleness; but this suggestion was apparently not substantiated 
in further studies with other LD plants. 

In several species with monoclinous flowers (e.g., Silene, Hyoscyamus, Bryo
phyllum) the relative development of the androecium was retarded and that 
of the gynoecium was promoted after auxin application. Nevertheless, in many 
hermaphrodite plant species no modification of sex expression could be induced 
by auxin application. 

As mentioned above, the ethylene-releasing compound 2-chloroethylphos
phonic acid 2 caused a marked increase in the number of female flowers in cucumber 
(see further information in Section 3.2.3.1). KENDER and RAMAILY (1970) applied 
this compound to grapes at the stage of bud burst and observed the development 
of fertile hermaphrodite flowers in grape stocks, which normally produce only 
staminate flowers. DE JONG and BRUINSMA (1974b) reported a promotion of 
pistil development after application of 2-chloroethylphosphonic acid to Celome 

2 This compound, having the structure CICH2CH~gH, appears in the literature under 
"'-OH 

several commercial and trivial names: Ethrel, Amchem. 68-62, Amchem. 68-240, Ethephon. 
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spinosa, although it should be noted that these authors treated the plants several 
days after anthesis; thus, the observed effect can not be considered as a result 
of an external interference in the mechanism of sex determination. In wheat 
it was shown that 2-chloroethylphosphonic acid suppressed anther differentiation 
quite specifically and the application of this compound to wheat plants was 
suggested as a method to produce hybrid seeds on a small scale (BENNETI 
and HUGHES, 1972). The time of 2-chloroethylphosphonic acid application is 
very critical: only when applied before and very close to meiosis of the PMC 
does this treatment result in the required male sterility. Treatment at any other 
time either did not affect floret differentiation or resulted in female sterility 
(HUGHES et aI., 1974). The use of 2-chloroethylphosphonic acid as a tool for 
hybrid seed production was also suggested in barley (LAW and STOSKOPF, 1973) 
and, as with wheat, application time was shown to be critical for reliable results. 
A similar suppressive effect on male fertility was observed after oc-naphthaleneace
tic acid application to the hermaphrodite LD plant Silene pendula (HESLOP-HARRI
SON and HESLOP-HARRISON, 1958a). 

A suppression of stamen development by maleic hydrazide was reported 
to occur in several crops (e. g. maize, tomato, melon and watermelon), but 
the applicability of this growth suppressor for the attainment of male-sterile 
seed parents in commercial hybrid seed production is questionable. 

The information available on the effect of triiodoacetic acid (TIBA) on sex 
expression does not allow any final conclusion to be drawn. This compound 
was regarded as an "anti-auxin" in the old literature; thus, the lack of its antagonis
tic effect relative to auxin caused NAPP-ZINN (1967) to question the role of auxins 
in sex expression in plants. It is now fairly well established that triiodoacetic 
acid retards the polar movement of auxin in plant tissue, and thus it may well 
cause accumulation of auxin at specific sites. Hence, under certain conditions, 
it may simulate auxin application. 

From the consideration pointed out above and others (see HESLOP-HARRISON, 
1972; DE lONG and BRUINSMA, 1974 a), there is no obligatory relationship 
between the effect of externally applied plant regulators and the internal hormonal 
regulation of sex expression. We are concerned here mainly with the ability 
of chemical agents to modify sex rather than with the role of plant hormones 
in sex regulation; we shall, therefore, not elaborate on this question but point 
out that since there seems to be no safe 'short cut', the effects of auxins on 
the crops in question must be tested empirically. 

3.2.2.5.2 Gibberellins 

The role of gibberellins (GA) as endogenous regulators of growth, differentiation 
and enzymatic activities is now well established, and their various effects are be
ing utilized advantageously in agriculture. The effect of gibberellin application on 
sex expression of plants was studied by numerous investigators, but in retrospect 
it now seems that a clear change in sex expression following gibberellin treatment 
was proven in a rather small number of species. Moreover, even among these 
species the effect was not unidirectional. 
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A substantial change in sex expression following gibberellin application to 
cucumber was found by WITTWER and BUKOVAC (1958), and GALUN (1959b). 
The latter found that heterozygous-female plants, which normally produced 
only female flowers in the upper nodes of their main shoots (and only female 
flowers in their side branches), could be 'converted' by repeated gibberellic 
acid (GA3) treatment into plants having the flowering pattern of normal mono
ecious plants (Fig. 3.23). On the other hand, in another species of the same 
genus (melons), sustained efforts to cause a change in sex expression by gib
berellin application were fruitless. We shall deal further with the effect of gib
berellins in Cucurbitaceae in Section 3.2.3.1. 

Control-no treatment 

Treated for one week 

Treated for two weeks 

r 

Treated for three weeks 

r 

Treated for four weeks 

r 

Fig. 3.23. Change in sex expression in heterozygous-female (st ~ 1st) cucumber plants treated 
with gibberellic acid. Circles: mean sex at specific nodes clear areas: proportion of nodes 
bearing staminate flowers shaded areas: nodes bearing female flowers (data from GAL UN, 
1959b) 
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In castor beans (Ricinus communis), application of GA3 was reported by 
SHIFRISS (1961 a) to increase the ratio of female to male flowers in the race
mes, and repeated treatment caused some racemes to produce only female 
flowers. This change in sex tendency was accompanied by a substantial reduc
tion in the total number of flowers per raceme. SHIFRISS (1961 a) attributed the 
contradictory effects of gibberellins in cucumber and castor beans to their 
different response to day iength, since in respect to female flower development 
these plants can be regarded as SD and LD plants, respectively; thus, gibberellins 
were claimed to simulate the LD effect. Such a general explanation does not 
conform with the results of WITSCH (1961), who used a Xanthium strumarium 
line in which female flowers were promoted by SD as well as by gibberellin 
application. 

PHAT AK et al. (1966) reported that anther differentiation and pollen production 
in tomato occurred in a stamen-less (sl) mutant exposed to 10 - 4 M GA3 in 
its root medium. This gibberellin effect was restricted in time: flower buds 
already visible at the beginning of treatment did not produce anthers, and 
flowers which appeared three weeks after treatment cessation showed the 
mutant phenotype. KUBICKI and POTOCZEK (1972) utilized this gibberellin effect 
to self-pollinate 'gynoecious' (sl) lines and suggested accordingly a method for 
F 1-hybrid seed production in tomatoes. The commercial applicability of such 
a method still awaits verification (see also Section 3.4.3). 

A change from female to hermaphrodite flowers was reported by RESENDE 
and VIANA (1959) to occur in Bryophyllum after the application of GA3 (0.005 %), 
but a higher GA3 concentration as well as the utilization of a related species 
resulted in an opposite shift in sex expression. 

Contradictory results were reported for the effect of gibberellins in hemp: 
These will be detailed in Section 3.2.3.2. 

Some reports indicate that gibberellins cause malformation of stamens, render
ing them nonfunctional (e. g. in maize: NELSON and ROSSMAN, 1958; in rice: 
NUNES, 1964), or of ovaries (e. g. in eggplant: NOTHMANN and KOLLER, 1973 b), 
but such effects should not be regarded as changes in sex expression and are 
of little importance in breeding and crop production. 

3.2.2.5.3 lCinins 

Kinins differ from auxins and gibberellins in respect to their distribution in 
the plant after external application. Gibberellins move rather quickly from the 
application site to other parts of the plant. The distribution of applied auxins 
is slower, partially polar, and is known to be controlled' by internal mechanisms 
of the plant tissues. Unless applied to the roots, kinins seem to move very 
slowly in plants, and thus their effect after foliar treatment is probably restricted 
to the vicinity ofthe application site. This restricted distribution led most investiga
tors interest in the effect of kinins on sex expression to apply kinins directly 
to the developing floral buds. An exception was the work of BOSE and NITSCH 
(1970), who dipped Laffa acutangula seed in benzyladenine and reported a marked 
change in sex expression toward femaleness in the developing plants. One could 
assume that the benzyladenine or its active derivative persisted in the young 
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plant until the differentiation of the floral bud could be affected. The sex expression 
of no other plants of the Cucurbitaceae is known to be affected by kinins. 

Kinin-induced changes of sex expression were reported in some other species 
(e.g. in Bryophyllum by CATARINO, 1964; in Mercurialis by DURAND, 1967), 
but detailed information on the effect of kinins on sex expression is available 
only for grapes (Vitis vinifera). NEGI and OLMO (1966) dipped inflorescences 
of a male grape done in 1,000ppm of the synthetic kinin SD 8339 [6-(benzyl
amino)-9-(2-tetra-hydropyranyl)-9H-purine] at about three weeks before anthesis 
and observed a total conversion of the male flowers into perfect flowers. Several 
other growth regulators used in the same way (e. g. auxins, TIBA and GA3) 

failed to affect the sex expression of this clone. It should be noted that this 
male clone, a sylvestris variant of V. vinifera, is heterozygous to the dominant 
gene SuF and even without kinin treatment there is a low frequency (10- 4) 

of hermaphrodite (perfect) flowers in this clone; the frequency seems also to 
be affected by external factors. In SuF plants there is an initiation of the ovary 
and the differentiation of it continues up to the second meiotic division, but 
no functional embryo sac is formed and the pistil is underdeveloped. Kinin 
application restores normal development of the pistil and the embryo sac (NEGI 
and OLMO, 1972). IIZUKA and co-workers investigated the effect of kinins and 
related compounds in several male stocks of Vitis species (see HASHIZUME and 
IIZUKA, 1971). They found that not only synthetic kinins but also naturally 
occurring cytokinins such as zeatin cause the formation of functional perfect 
flowers in such male stocks (Table 3.11). 

In some cases it is difficult to draw a boundary line between the control 
of male and female floral-member organogenesis and mere stimulation of the 
differentiated stamens and pistil. The results of DE lONG and BRUINSMA (1974a, 

Table 3.11. Sex conversion in male Vitis plants following treatment by kinins 
""-~----- ---- --.-------~ 

Species and Percentage of flowers 
treatment 

Total no. With fully With partially Without female 
of flowers developed developed parts 

female parts female parts (male flowers) 

Vitis thumbergii 
Control 0 0 100 
Zeatin (4) 1,124 54.1 13.7 32.2 
Dihydrozeatin (2) 263 10.3 61.2 28.5 
6-BAR (10) 3,130 76.8 13.2 10.0 

Vitis coignetiae 
Control 0 0 0 
Zeatin (6) 144 24.8 36.6 38.6 
Dihydrozeatin (5) 136 7.8 41.8 50.4 
6-BAR (21) 622 21.0 42.2 36.8 

Data from HASHIZUME and IrZUKA (1971). Inflorescences were dipped for 20 sec in 250-
1,000ppm solutions of the kin ins, 1 to 40 days before anthesis; numbers in parentheses 
!ndicate number of treated inflorescences; 6-BAR= 6-benzylamino-9-fJ-D-ribofuranosylpur
me. 
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b) with Cleome seem to indicate only promotion of the already differentiated 
pistil: zeatin stimulated pistil growth of in vitro-cultured flowers and slightly 
reduced female abortion in inflorescences treated daily. 

3.2.3 Sex Expression in Some Economic Crops and its Application 
to Breeding and Crop Improvement 

3.2.3.1 The Cucumber and Other Cucurbit Crops 

Cucumber (Cucumis sativus), melon (Cucumis melo), watermelon (Citrullus vul
garis), and three species of the genus Cucurbita comprise the main economic 
crops of the family Cucurbitaceae. Detailed descriptions and further references 
concerning cultivated species of this family may be obtained from WHITAKER 
and DAVIS (1962) and PURSEGLOVE (1968). 

The cucumber is outstanding among these species in several respects. With 
the exclusion of some tropical regions, it is an important relish throughout 
the world, being distributed over almost all cultivated areas, where it is grown 
either in open fields or under cover (plastic sheets or glass). In no other crop 
has sex expression been so extensively investigated and utilized for breeding 
and crop improvement as in cucumber. Moreover, the sex regulation in C. 
sativus served in many investigations as a model system for the study of morpho
genesis in higher plants. For these reasons as well as due to our personal 
familiarity with this crop, we shall handle the sex expression of cucumber in 
some detail. We shall also outline how this information can be utilized for 
hybrid seed production and better crop management. 

3.2.3.1.1 Patterns of Sex Expression 

The family Cucurbitaceae consists of about 100 genera with over 800 species, 
distributed in tropical, subtropical and temperate regions of the globe. Most 
of the species are native to the warm regions of East and South Africa and 
Madagascar. 

The family excels in sex variability. This variability can be found both within 
genera and within species. True hermaphrodite species are rare or nonexistent 
(the taxonomy of this family is rather problematic; see: JEFFREY, 1967), but 
in some species hermaphrodite plants do occur (Bryonia dioica). Thus, almost all 
species have either only diclinous flowers (i. e. male and female flowers), or 
both monoclinous and diclinous flowers. The first group includes dioecious 
and true monoecious species, while the second group consists primarily of species 
with andromonoecious plants; gynomonoecious plants are rather rare. Table 
3.12 summarized the sex expression of 210 African species comprising 40 genera. 
In 13 of these genera only dioecious taxa were reported, while in another 14 
genera no dioecism was observed. 

The cucumber and the related 'wild' Cucumis hardwickii have several features 
in common. Both have seven chromosome pairs and cross freely, producing 
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Table 3.12. Distribution of sex expression in African Cucurbitaceae species 

Sex expression Geographic distribution 
within each species 

East Africa South Africa Madagascar and Comoro 

Monoecious only 56 40 30 
Mono- and dioecious 3 1 
Dioecious only 64 23 34 

Total 123 64 64 

Data compiled from information kindly communicated by C. JEFFREY, Royal Botanic 
Gardens, Kew, Richmond, U. K. Monoecious sens. lat., including andromonoecism; some 
species occur in two or three geographic areas, and thus are not tabled horizontally. 

fertile progeny (see LEPPIK, 1966; DEAKIN et aI., 1971, for references). The 
cultigen C. sativus probably originated in northern India, where C. hardwickii, 
presumably an escapee from a primitive cucumber, is also found. These species 
stand apart from other Cucumis species having 12 or 24 pairs of chromosomes 
and are indigenous to tropical Africa. The geographical distribution of 26 Cucumis 
species is listed in Table 3.13. 

Cucumbers are known from historical records starting about 4,000 years 
ago (Twelfth Egyptian dynasty). They then appeared in several separated cultures 
and were kept there in relative isolation for hundreds of years. It is thus not 
surprising that within C. sativus (in the broader sense, including ill-defined species 
such as Cucumis sinensis and Cucumis jlexuosis) there is a great variation in 
respect to sex expression and fruit structure. This variability is expecially clearly 
manifested when two plants with different flowering pattern and different geogra-

Table 3.13. Sex expression and distribution of CucUinis species 

Annuals 

C. sativus 
C. hardwickii 
C. murieulatus 
C. hystrix 
C. sacleuxii 
C. metuliferus 
C. melD 

C. hwnifi'uctus 
C. quintanilhae 
C. anguria 
C. dipsaceus 
C. afrieanus 
C. 111 yrioearpus 

M; Asiat. 
M; Asiat. 
M; Asiat. 
M; Asiat. 
M; Afr. E., Ma. 
M; Afr. Trop., S. 
M; Afr. Asiat. and 
Australasia 
M; Afr. Trop., S. 
M; Afr. S. 
M; Afr. S. 
M; Afr. E., S. 
M; Afr. S., Ma. 
M; Afr. S. 

Perennials 

C. prophetarum 
C. zeyheri 
C·ficifolius 
C·figarei 
C. aculeatus 
C. globosus 
C. meeusei 
C. rigidus 
C. sagittatus 
C. callosus, 
C. heptadactylus 
C. hirsutus 
C. kalahariellsis 

M; Afr. N. E. and SW Asiat. 
M; Afr. S. 
M; Afr. E. 
M; Afr. E. 
M; Afr. E. 
M; Afr. E. 
M. Afr. S. 
M; Afr. S. 
M; Afr. S. 
M; Asiat. 
D; Afr. S. 
D; Afr., Ma. 
D; Afr. S. 

Data compjled and kindly communicated by C. JEFFREY, Royal Botanic Gardens, Kew, 
Richmond, U. K. M: monoecious (seils. lat., including andromonoecism), D: dioecious, 
Afr.: Africa, Asiat.: Asiatic, Trop.: Tropical, S: South, E.: East, Ma.: Madagascar, N.: North, 
SW: South west. 
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phical origin are crossed. Thus, PANGALO (1936) reported that a single cross 
between a monoecious and an androecious plant resulted in an F 2 generation 
of 338 plants which could be divided into 15 different forms of sex expression. 
This segregation prompted PANGALO to suggest no less than ten main genes 
to be involved in sex expression of cucumber! As we shall see, sex expression 
even of the same genotype is strongly influenced by environmental conditions. 
Therefore, a familiarity with the basic flowering pattern and the physiology 
of sex differentiation is a prerequisite for solving the inheritance of sex expression 
in cucumber. 

The embryonal flower bud of cucumber has both stamen and ovary initials 
(ATSMON and GALUN, 1960), but the flowers of most cucumber varieties mature 
as diclinous flowers. Most varieties are thus true monoecious. However, even 
within this definition there is a vast variability of flowering pattern, quite typical 
for each variety cultured under certain environmental conditions (SHIFRISS and 
GAL UN, 1956). This variability is expressed theoretically by the distribution 
of male and female flowers in all the leafaxils of the plant. In monoecious 
cucumber plants, in practically all leafaxils (with the exclusion of a few basal 
nodes of the main shoot), there are either several male flowers or individual 
(rarely two or more) female flowers. Therefore, in such plants the distribution 
pattern of 'female-nodes' will faithfully describe their sex expression. In most 
cucumber varieties there is an increase in tendency to femaleness as we move 
acropetally along the shoots (CURRENCE, 1932). Such a change was observed 
in other cucurbits by WHITAKER (1931) and detailed by NITSCH et al. (1952) 
for Cucurbita pepo (Fig. 3.24). Thus, for the evaluation of the change in sex 
expression caused by external factors, the location of the first female flower 
on the main shoot is rather useful (SHIFRISS and GALUN, 1956). This criterion 
is not adequate for describing different sex genotypes because these may differ 
in ways other than the node location of the first female flowers (KUBICKI, 
1969a). 

A few cucumber varieties are andromonoecious (e. g. Lemon, Richmond Green 
Apple). Plants of these varieties bear both diclinous (male) and monoclinous 
flowers. Such plants differ from monoecious cucumbers not only by 'replacement' 
of female by hermaphrodite flowers. We mentioned that female flowers are 
commonly borne individually in the leafaxils. Hermaphrodite flowers, on the 
other hand, are usually followed in the same axil by additional floral buds 
which may attain anthesis, and in the latter flowers there is an increased male 
tendency. 

Cucumber flowers are variable in another respect: the relation between the 
receptacle to other floral parts (Fig. 3.25). Male flowers are hypogynous and 
female flowers are normally epigynous. In hermaphrodite flowers, all the grades 
between hypogynous through perigynous to epigynous are known (KUBICKI, 
1969a). 

The components participating in forming the patterns of sex expression of 
cucumber may now be listed as follows: 

1. Sex Expression of the Floral Bud. The embryonal floral bud is bisexual. 
Further development of the pistil, the stamens, or both pistil and stamens, 
will result in a female, a male, or a hermaphrodite flower, respectively. 
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Hermaphrodite 
(perigynous) 

Fig. 3.25. Schemes of flower types in Cucumis (cucum
ber and melon) 

Fig. 3.24. Schematic presentation of the sequence of flower types on the main shoot in 
a squash (cv. Acorn) (from NITSCH et ai., 1952) 

2. Flowering Pattern in the Leaf Axils. Due to the prevailing increase in 
maleness within each leaf axil, whenever the first floral bud in a leaf axil is 
male, additionally developing male flowers are male as well. Female flowers 
are borne usually individually, but if additional floral buds do occur and come 
to anthesis, these may be either female or male. Such male flowers were observed 
in genetic female plants after gibberellin treatment (FUCHS, HALEVY and ATSMON, 
unpublished). When the first flower in a leaf axil is hermaphrodite, subsequent 
flowers have an increased male tendency and true male flowers are quite common 
among the later developing flowers of such axils. 

3. Flowering Pattern along the Shoot. Schematically, the main shoot of a 
monoecious cucumber has three phases in respect to flower sexuality (GALUN, 
1973). In the most basal phase, there are only male nodes. Then, with the 
first female node, a mixed phase starts: female nodes are interspaced with male 
nodes. The nodal distance between the female nodes decreases acropetally until 
the attainment of the third (female) phase. In this phase, only female flowers 
occur. For this highly schematic pattern, although appropriate to almost all 
known monoecious cucumber varieties, there are obvious exceptions which we 
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shall not detail here. For andromonoecious varieties, a similar scheme can be 
described: these have a stronger male tendency, thus only the first two phases 
come to realization and, as mentioned above, instead of female nodes, andro
monoecious varieties have nodes with one or more hermaphrodite flowers which 
may be followed by male flowers. 

4. Flowering Pattern in Different Shoots of the Plant. As a rule, the main 
shoot of a monoecious cucumber has a stronger male tendency than the side 
branches. Thus, in some cases, the main shoot may be completely devoid of 
female flowers, and when the female tendency of a variety is strong, side branches 
may bear only female flowers. The distribution of female and male flowers 
among shoots of different orders, though strongly influenced by environmental 
conditions (as will be seen below), is a varietal character. 

Most melon and watermelon varieties are andromonoecious. Their flowering 
pattern thus follows roughly that of andromonoecious cucumber varieties. Monoe
cious melon and watermelon varieties resemble monoecious cucumber varieties, 
but the former generally have a stronger male tendency and never attain the 
female phase. It should also be noted that all monoecious cucumber varieties 
have elongated ovaries, while many monoecious watermelon varieties have round 
ovaries resulting in spherical fruits. 

Cultivated species of Cucurbita bear usually only diclinous flowers and are 
thus typically monoecious. 

3.2.3.1.2 Effects of Day Length and Temperature on Flmvering 
and Sex Expression 

Floral induction in cucumber and other cultivated cucurbits is generally not 
considered to be regulated by specific thermoperiods. Flowering in these plants 
occurs under almost all climatic conditions which allow vegetative growth. 
Nevertheless, high temperatures (about 30°C) and long days (more than 16 h 
oflight) tend to suppress anthesis and prevent the development of floral primordia 
in the basal leafaxils. Obviously thermal sensitivity varies between and even 
within species: sensitivity increases roughly from melons through watermelons 
and cucumbers to cultivated Cucurbita species. It should be noted that there 
are semi-wild lines of cucumber which seem to have a true SD requirement. 
The exact reaction of these plants to light and temperature was not investigated, 
but marginal conditions induce only male-flowering in these lines (FRIEDLENDER, 
ATSMON and GALUN, unpublished). 

As pointed out above, the effect of climatic conditions on sex expression 
of cucumber and watermelon was observed many years ago (KNIGHT, 1819). 
Several authors reported environmentally induced changes in sex expression 
in cucurbits, but the first investigation undertaken under controlled conditions 
was that of NITSCH et al. (1952). They studied the effects of various temperatures 
and two day-length regimes (8 and 16 h) on the sex expression of a squash 
variety, a cucumber variety, and gerkins (Cucumis anguria). The results showed 
clearly that within the range of 20°C to 30°C day temperature and 10°C to 
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30°C night temperature, the lower temperatures promoted femaleness in both the 
cucumber and the squash varieties. It was also found that extension of day 
length promoted maleness in both monoecious (st+ Ist+) as well as in heterozygous 
gynoecious (st+ 1st) cucumber plants (GALUN, 1959a). From information of many 
reports, most of which were not based on experiments conducted under controlled 
conditions, it may safely be concluded that generally speaking higher temperatures 
and longer photdperiods cause a shift in flowering pattern toward maleness 
in cucumber varieties. It may be noted that within a certain range, which is 
probably specific for each variety, the sex expression of monoecious cucumbers 
is affected similarly by either temperature or day-length changes (Tables 3.14 
and 3.15). 

Table 3.14. Effects of day length and temperature on sex expression of a monoecious cucumber 
variety (Bet Alpha) 

Temperature 
eC) 
19 
19 
23 
23 

Day length 
(h) 

8 
16 
8 

16 

Node location of first female flower on the main 
shoot 

9.6 
13.7 
14.8 
16.5 

Unpublished data of LANG and GAL UN. 

Table 3.15. Effects of day length and temperature on sex expression of a Fushinari-type 
cucumber variety (Sagami-Hanziro) 

Night 
temperature" 

15 
15 
25 
25 

Day length 
(h) 

8 
16 
8 

16 

Data from I TO and SAITO (1960). 
" Day temperature was not specified. 
bOut of25 nodes. 

Node location offirst 
female flower on the 
main shoot 

4.1 
7.8 
8.2 

17.1 

No.offemale-flower
bearing nodesb 

16.4 
8.9 
7.4 
1.7 

Extensive work in Japan with oriental cucumber varieties obtained originally 
from very different climatic conditions (mainly from China), is basically in line 
with the studies of European, Middle Eastern and American varieties. The 
Japanese studies were done at least in part under controlled conditions, and 
sex expression was evaluated in a rather clear way (see MATSUO et aI., 1969, 
for reference sources). They indicated that sex expression is very variable among 
monoecious varieties and that the reaction of these varieties to temperature 
and light regimes is probably a genetic character-typical for each variety (Table 
3.16). They also indicated that shortening daily illumination beyond a certain 
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Table 3.16. Varietal differences in sex expression and in response to temperature and daylength 

Variety Sex expression 

Temper- Photo- Node Number Number 
ature period location of male of female 
CC) (h) of first flower flower 

female nodesa nodesa 

flower 

Kaga -Fushinari { 17 8 1.0 0 30.0 
24 16 2.2 0.2 28.8 

Shogoin-Fushinari {17 8 1.4 0 29.6 
24 16 3.3 1.1 27.4 

Sagami -Hanziro { 17 8 3.4 2.3 27.2 
24 16 15.8 23.2 4.6 

Suyo { 17 8 9.0 25.3 4.5 
24 16 25.8 27.8 1.2 

Yamuto-Sanjyaku { 17 8 15.6 25.6 4.1 
24 16 28.7 26.4 1.3 

Tokyo-Aodai { 17 8 12.7 26.7 2.3 
14 16 30.5 28.2 0.8 

Taisen-Kema { 17 8 20.0 28.4 1.3 
24 16 31.5 27.8 0.2 

Data from SAITO and ITO (1964). 
a Out of the first 30 nodes on the main shoot. 

limit (e. g. 8 h) may suppress female flowers, and that the optimal temperature 
for promoting femaleness is a varietal characteristic entity. 

A delay in appearance of hermaphrodite flowers and a less developed ovary 
in these flowers seem to occur in andromonoecious cucumber cultured under 
conditions of high temperatures and long days-but no precise information 
is available. A similar trend was observed in andromonoecious melon varieties, 
as well as in andromonoecious watermelon varieties. No reliable information 
on the effects of day length and temperature on the sex expression of monoecious 
melons and watermelons seems to exist. 

3.2.3.1.3 Effects of Growth Regulators 

Gibberellins seem to be the only group of growth regulators which induce 
development of male flowers in leafaxils otherwise occupied by female flowers 
in cucumbers. This observation was first reported by WITTWER and BUKOVAC 
(1958) for a monoecious cucumber variety. In studying self-pollination of female 
cucumber lines for hybrid seed production, GALUN (1959b) found (as mentioned 
above, see Fig. 3.23) that cucumber plants responded to repeated gibberellic 
acid (GA3) treatment to such an extent that the continuous female phase could 
be prevented. This was confirmed for homozygous female cucumber lines by 
PETERSON and AND HER (1960). Further studies showed that gibberellins differed 
in their effectivity to promote male flower production in cucumber: GA4 and 
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GA7 being several-fold more effective than GA3 (WITTWER and BUKOVAC, 
1962; CLARK and KENNEDY, 1969; PIKE and PETERSON, 1969). There are indica
tions (e. g. KUBICKI, 1965 a) that gibberellins do not directly promote stamen 
differentiation in the embryonal floral bud but merely suppress female flower 
formation and that, in the lack of the latter, male flowers ultimately develop. 
In confirmation of these indications, the direct application of GA3 to in vitro-cul
tured cucumber floral buds did not promote stamen differentiation (GALUN 
et aI., 1963). An interesting observation is the greater effectivity of gibberellins 
under regimes of low temperature and short days-conditions which promote 
femaleness (Table 3.17). Other observations indicated that the genetic background 

Table 3.17. Effects oflight and temperature regimes on the reactivity ofmonoecious cucumbers 
to GA3 applicationa 

Temperatureb Day length Node number of first female Shift caused by 
CC) (h) flower on the main shoot GA3 

'Day' 'Night' no GA3 with GA3 

19 19 8 9.6 30.1 20.5 
19 19 16 13.7 21.3 7.6 
23 19 8 11.7 26.8 15.1 
23 19 16 14.5 22.0 7.5 
19 23 8 16.2 22.6 6.4 
19 23 16 15.8 21.4 6.6 
23 23 8 14.8 24.3 9.5 
23 23 16 16.5 18.6 2.1 

Unpublished data of LANG and GAL UN. 
a GA3 (300 ppm) was applied several times in 0.2-ml drops to young leaves. 
b 'Day' temperature was for the daily 8 h of sunlight; 'Night' temperature prevailed for 

16h. 

of cucumber lines controls the sensitivity to gibberellins (SAITO and ITO, 1963; 
SHIFRISS and GEORGE, 1964). 

The information available on the effects of gibberellins on sex expression 
of cucurbits other than cucumber is rather limited. In melons, gibberellins strongly 
increase stem and tendril elongation, but their effect on sex expression in these 
plants is doubtful (KUBICKI, 1969b; ANAIS, 1971; RUDICH et aI., 1972). A delay 
in the appearance of female flowers' development after GA3 application to 
pumpkins was reported by SPLITTSTOESSER (1970), and a slight decrease in 
femaleness after gibberellin application on LtifJa acutangula was reported by 
KRISHNAMOORTHY (1972). 

Quaternary ammonium compounds and other growth retardants (Table 3.18) 
were reported to shift the sex expression toward femaleness (MITCHELL and 
WITTWER, 1962; HALEVY and RUDICH, 1967; LANG and GALUN, unpublished). 
The most effective among the plant retardants is probably SADH (RODRIGUEZ 
and LAMBETH, 1972). These retardants are known to suppress endogenous gibber
.ellin synthesis. It is, therefore, not surprising that the female-promoting effect 
of plant retardants can be fully prevented by gibberellins (Tables 3.19 and 3.20) 
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Table 3.18. Chemical composition of plant retardants affecting sex expression of cucurbits 

CH2Cl-CH2-N+(CH3h ·Cl
(2-chloroethyl)trimethylammonium chloride 
Trivial name: chlorocholine chloride-CCC 

CH(CH3h 

ICH,),N' i ~--g-N~-
CH3 

2-isopropyl-4-dimethylamine-5-methylphenyl-1-piperidine carboxylate methyl chloride 
Trivial name: Amo 1618 

Cl 

CIOH,_P'IC.H,hOCI-

tributyl-2,4-dichlorobenzylphosphonium chloride 
Trivial name: Phosphon D 

o CH3 

II / 
CH2-C-NH-N 

\ 
CH3 

N,N-dimethylaminosuccinamic acid (succinic acid-2,2-dimethylhydrazide) 
Trivial names: B995 , B9, SADH 

Table 3.19. The effect of two plant retardants on sex expression in a monoecious cucumber 
line and their interaction with GA3 

Plant retardant treatment" 

None 
Amo 1618200 ppm 
Amo 1618 1,000 ppm 
CCC 

0 

22±0.5 
16±0.4 
14±OJ 
16±0.3 

GA3 treatment (ppm) 

10 30 100 

26±1.5 29±0.2 37 
22±0.6 26± 1.2 31 
21 ±0.4 23±1.1 35 
21 ±0.4 25± 1.1 40 

From GALUN (1973). Plant retardant treatment was by soil application; GA3 was sprayed 
onto leaves; results are expressed as node location of the first female flower on the main 
shoot. 
" Amo 1618 = 2-isopropyl-4-dimethylamine-5-methylphenyl-l-piperidine-carboxylate meth

ylchloride; CCC = (2-chloroethyl)trimethylammonium chloride. 

and it is noteworthy that CCC does increase femaleness in cucurbits (GOSH 
and BOSE, 1970), in which gibberellins do not affect sex expression. 

Auxins were found by LAIBACH and KRIBBEN (1949) to induce a shift in 
sex expression toward femaleness. This pioneering finding, probably the first 
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Table 3.20. The effects of Amo 1618, GA3 and day length on sex expression of monoecious 
cucumbers 

Day length Without Amo 1618 With Amo 1618 
(h) 

without GA3 with GA3 without GA3 with GA3 

16 . 29± 1.3 >42 9±0.7 >40 
8 9±0.2 >43 9±0.2 >42 

From GALUN (1973). Amo 1618 and GA3 were applied at 200 and 300ppm, respectively, 
as detailed in Table 3.19. Results are expressed as node location of the first female flower 
on the main shoot. 

reproducible report on a change in sex expression in plants by single defined 
compounds, was mentioned above (Section 3.2.2.5.1). The effect of auxins on 
the sex expression of cucurbits was confirmed by many authors and similar 
effects were reported for plants of other families. Auxin was even shown to 
be effective as a seed applicant (GALUN, 1956). Moreover, it was shown that 
in Cucumis auxins exert a direct effect on the development of the ovary of 
in vitro-cultured floral buds (GALUN et aI., 1962, 1963; PORATH and GALUN, 
1967; GALUN and PORATH, 1970). Studies with cucumber served actually as 
the main basis for general theories on the role of auxins in sex regulation 
of plants (e. g. KOHLER, 1964a; HESLOP-HARRISON, 1972; GALUN, 1973). 

The most dramatic shift in sex expression of cucurbits toward femaleness is 
caused by acetylene and ethylene. The effect of unsaturated hydrocarbon was ob
served by MININA many years ago and was utilized by her to increase greenhouse 
cucumber yields (MININA, 1938; MININA and TYLKINA, 1947). It took several 
decades until the effect of the ethylene-releasing compound 2-chloroethylphos
phonic acid on sex expression of cucurbits was reported, almost simultaneously, 
in North Carolina (McMuRRAY and MILLER, 1968), Israel (RUDICH et aI., 
1969), New York (ROBINSON et aI., 1969) and California (IWAHORI et aI., 1969). 
This compound was found to affect both monoecious and andromonoecious 
cucumbers (Table 3.21). Several additional studies confirmed these reports in 
respect to cucumber as well as other cucurbits. Noteworthy among these was 
the finding that female flowers could be induced in genetic male cucumber 
plants after 2-chloroethylphosphonic acid treatment (AUGUSTINE et aI., 1973). 
The female-promoting effect of this compound is now well-documented, and 
the ethylene release from 2-chloroethylphosphonic acid seems to have a decisive 
role in sex determination (BEYERS et aI., 1972). Less agreement exists about 
the interaction of this compound with other growth regulators (e. g. Iw AHORI 
et aI., 1970; RUDICH and HALEVY, 1974). 

There are reports on the effect of various additional chemicals, such as 
maleic hydrazide, abscisic acid and morphactin, on sex expression in cucurbits. 
Abscisic acid was found to be an endogennus growth regulator, and morphactin 
an inducer of parthenocarpy (ROBINSON et aI., 1970). For various reasons, 
the practical utilization of all these compounds for regulating sex expression 
is questionable, but the use of IIior-pbactin-especially in combination with 
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Table 3.21. Effects of GA3 and Ethrel on stem elongation and sex expression of two cucumber 
cultivars 

Treatment Node location of first Number of flowers on 
flower first 10 nodes 

Length of first 
internode (em) Female or Male Female or Male 

hermaphrodite hermaphrodite 

var. Wisconsin SMR 18 (monoecious) 
Control 7.7 8.0 2.0 2.0 33.4 
GA3 , 2,000 ppm 16.0 above 17 1.4 0.0 33.0 
Ethephon, 250 ppm 3.7 2.7 14.3 14.0 0.0 

var. Lemon (andromonoecious). 
Control 4.6 above 17 3.0 0.0 26.6 
GA3 , 2,000 ppm 8.3 above 17 5.7 0.0 18.0 
Ethephon, 250 ppm 3.0 8.0 11.7 4.0 2.3 

Data from ROBINSON et al. (1969). All data concern the main shoot only. 

2-chloroethylphosphonic acid-for the attainment of parthenocarpic cucumbers 
seems now to be commercially applicable (CANTLIFFE and PHATAK, 1975). 

We may summarize by indicating that it is possible now to shift sex expression 
by chemical treatment in either direction: genetic female cucumber plants can 
be induced by GA to produce abundant male flowers, and genetic male cucumber 
plants can be induced by 2-chloroethylphosphonic acid treatment to produce 
female flowers. As stated above, we are not primarily concerned in this book 
with the role of growth regulators in the control of sex expression. Nevertheless, 
it seems justifiable to remark that in spite of the interesting data on hand, 
additional information on the interaction of genetic sex types, on light and 
temperature condit~ons, and on the distribution and regulation of the levels 
of the endogenous growth regulators and their impact on the morphogenesis 
of floral buds is still required before a reliable general theory on sex regulation 
in cucurbits can be suggested. 

3.2.3.1.4 Inheritance of Sex Expression and Breeding Procedures 

In this section we shall deal first in some detail with cucumbers. For this 
crop we have more information on the genetic control of sex expression than 
for melon; moreover, the genetics of sex control in melon seems more complicated. 
We shall thus handle melons after discussing cucumbers, and then deal only 
briefly with the inheritance of sex in watermelons and other cucurbits. 

The genetic control of sex expression in cucumber will be easily comprehended 
if we remind ourselves about two main considerations mentioned previously, 
in Section 3.2.3.1.1, when we listed the components participating in the flowering 
patterns in cucurbits. 

1. The floral bud may develop either into a monoclinous or a diclinous 
flower; thus, we should look for a gene controlling this 'trigger' mechanism. 
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2. There is a general trend of increased femaleness during plant maturation, 
but the degree of femaleness and the rate of this increase are different in known 
cucumber lines and varieties and these sex characters are probably under genetic 
control. 

In addition, we should recall that sex expression in cucumber is strongly 
affected by environmental factors; hence, two additional considerations are impor
tant: 

1. Identical genotypes may result in different phenotypes when grown under 
different environmental conditions, and different genotypes may have similar 
phenotypes. 

2. The responsiveness to environmental conditions may be under genetic 
control. 

In the following we shall present an overall scheme of the inheritance of 
sex determination based mainly on the published information (ROSA, 1928; 
TKACHENKO, 1935; GALUN and ATSMON, 1960; SHIFRISS, 1961a; GALUN, 1961, 
1973; SHIFRISS et aI., 1964; GEORGE, 1970; SCOTT and BAKER, 1975). 

The main genes involved in the sex determination of cucumber are as follows: 
1. M/m: controls the 'trigger-mechanism' in the floral bud; in the presence 

of M (fully dominant) an early trigger mechanism operates and all flowers 
are diclinous, thus M/ - plants do not bear hermaphrodite flowers. 

2. st+ /st: controls the potence of ovary formation; in st/st plants there is 
a strong ovary-forming potency. The allele st is partially dominant and the 
phenotype of st + /st is strongly influenced by environmental conditions and 
other genes which control sex expression. 

3. A/a: intensifies male tendency in the presence of st+ /st+ (it is hypostatic 
to st); thus, in the genotype M/-, st+/st+, a/a (a is fully recessive) only male 
flowers appear; such plants are male (androecious). 

The combinations of the above genes will result in the following genotypes: 

1. M/ -, st+ /st+, a/a 
2. M/ -, st + /st +, AI-
3. M/-, st+ /st, (A/- or a/a?) 
4. M/ -, st/st, (A/ - or a/a?) 
5. m/m, st + /st +, a/a 
6. m/m, st + /st, (A/ - or a/a?) 
7. m/m, st+ /st, (A/ - or a/a?) 

8. m/m, st/st, (A/ - or a/a?) 

- male (androecious) 
- monoecious 
- monoecious to female 
- female (gynoecious) 
- male (androecious) 
- andromonoecious 
- andromonoecious with her-

maphrodite tendency 
- hermaphrodite 

Several remarks should be noted in respect to the above genotypes: 
1. Several modifying and additional genes were suggested as controlling 

sex expression in cucumber, but due to the lack of a linkage map and appropriate 
genetic markers in cucumber the evidence for these is not conclusive; moreover, 
the overall picture of sex determination can be based on the three major genes. 

2. The genetic designations are not universal: some authors have used acr 
or acr instead of st. 

3. An apparent unrelated genetic system which controls determinate ("bushy") 
growth rather than indeterminate (vine) growth may affect sex expression: deter-
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minate st+ /st+ plants may not attain the mixed (male and female flowers) phase 
and thus express only the male phase-such plants are functionally males. 
On the other hand, bushy st+ /st plants with certain genetic modifiers will be 
complete females. 

4. The designation hermaphrodite is somewhat misleading: m/m, st/st plants 
usually have one hermaphrodite flower at each node but subsequent flowers 
may have less developed ovaries or even be typically male flowers. The strength 
of this male tendency is probably controlled by genetic modifiers and affected 
by environmental conditions. 

5. There is insufficient information about the interaction of a/a with other 
genes affecting sex expression, and thus a question mark was put in the above 
genotype formulae. 

Knowledge of the genetic mechanism and the environmental conditions which 
affect sex expression is of obvious advantage for good crop management. Thus, 
under environmental conditions which cause strong maleness, varieties with a 
stronger genetic female tendency are preferable. However, the most significant 
utilization of this knowledge is for F 1 hybrid seed production. Such varieties 
are probably the best means of obtaining high yields and are rather attractive 
to those investing great efforts in breeding work for commercial considerations. 
The objective of developing such F 1 cucumber hybrids could be realized only 
after sufficient information about the genetics and physiology of sex expression 
in this plant had accumulated. The first commercial hybrids were released indepen
dently about 15 years ago by GALUN and PETERSON and their respective collabor
ators. These hybrids were based on the simple concept of utilizing homozygous 
female lines as seed parents and normal monoecious lines as pollinators (ATSMON 
et aI., 1962; FUJIEDA, 1963; PETERSON and DE ZEEW, 1963; KUBICKI, 1965b; 
KOOISTRA, 1967; and see additional references in BAKER et al. 1973, and GALUN, 
1973). The method is described schematically in Fig. 3.26. It consists of two 
main steps: (1) The breeding stage. In this stage the two prospective parental 
lines are built. Femaleness is introduced into a prospective seed parent by crossing 
first to a female line and back crossing to (one or several) lines which have 
breeding advantages. This is followed by self-pollination and GA treatment 
of the female segregants in order to enable their reproduction by self pollination. 
The prospective pollinator is bred in the usual way. (2) Hybrid seed production 
and propagation of female lines. In this stage the hybrid seeds are produced in 
an isolated field. In this field, several rows (female) seed parents are interspaced 
with one or two rows of the pollinator lines. The ratio of female to pollinator 
lines and the number of adjacent female rows vary but three female rows in 
alternation with one pollinator row is quite common. The propagation of the 
female line is undertaken in another isolated field. In this field one row out 
of three or four is treated with GA. Thus, sibs and self-pollinated seeds are 
obtained which are then used for hybrid seed production. The pollinator seeds 
are obtained from the pollinator plants in the hybrid seed production field. 
It is essential to bring an adequate amount of beehives (at least 4 per ha) 
to the hybrid production- and female propagation fields to assure cross-pollina
tion. 
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Fig. 3.26. F 1-hybrid seed production in cucumber based on a gynoecious (female) line 
as seed-parent 

In this method the pollination is carried out exclusively by bees and thus 
adequate care is necessary to assure ample bee activity. Complete isolation 
and purity of the female stock is also of utmost importance, and it is, therefore, 
good practice to renew the female stock and to check its purity continuously. 

This method has one major drawback. The resulting F 1 hybrid plants are 
st+ 1st and thus may have different sex expression according to their genetic 
background and the environmental conditions. If they are almost complete 
females, it is necessary to add pollinators in the cucumber production field 
and the crop will not be completely uniform. On the other hand, if the F 1 

plants are almost regular monoecious plants, one of the advantages of such 
hybrids is lost. In spite of the above mentioned disadvantage this method is 
successfully utilized for hybrid seed production in many countries and most 
new cucumber varieties are actually produced by this method. Complete fema
leness of the F 1 plants will be of great advantage provided the plants bear 
parthenocarpic fruits. Thus, present breeding efforts are directed at combing 
genetic parthenocarpy into mechanically harvested F 1 hybrid varieties (see BAKER 

et aI., 1973, for discussion). There are .two main methods to assure complete 
femaleness in the F 1 hybrid, one of which is based on crossing two female 
lines. In this method the two lines are planted in the hybrid seed production 
field as in the previous method, but one of these lines is treated with GA 
and serves as pollinator. This method is quite expensive, as the two parental 
lines have to be propagated in isolation fields and a great amount of GA 
is required for the final F 1 hybrid production. 

The other method is based on a hermaphrodite line as pollen parent in 
the hybrid seed production field. Thus, both parental lines are stlst but one 
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has hermaphrodite flowers (i.e., it is m/m, st/st) and can therefore serve as 
pollinator and may also be propagated without GA treatment. This latter method 
was suggested by several authors (KUBICKI, 1970; PIKE and MULKEY, 1971; 
BAKER et aI., 1973), but did not reach the stage of actually being used in 
large-scale commercial seed production. 

The inheritance of sex expression in melons was first investigated by ROSA 
(1928) and POOLE and GRIMBALL (1939), and the main findings of the latter 
can be summarized as follows. Two main genes are involved in sex control: 
A/a and G/g. These are very similar to the genes M/m and st+ /st, respectively, 
of cucumber. According to POOLE and GRIMBALL, the main sex types are: 

1. mOlloecious 
2. andromonoecious 
3. gynomonoecious 
4. hermaphrodite 

A/-, G/-; (M/-, st+/-); 
a/a, G/ -; (m/m, st+ / -); 
A/ -, g/g; (Mj--, st/st); 
a/a, g/g; (m/m, st/st); 

We put the designations for the cucumber genes in parenthesis to indicate 
the similarity in genetic sex control between cucumber and melon. Still, there 
are notable differences. In cucumber all M/ -, st/st genotypes are female plants, 
whereas in melons POOLE and GRIMBALL defined A/ -, g/g melons as gynomonoe
cious. In other studies (NIEGO and GAL UN, unpublished) it was found that 
such gynotypes actually comprise a wide range of phenotypes from complete 
females to trimonoecious, which can be divided into 12 well separated sex 
types. Thus, while in cucumber M is absolutely dominant, in melons with an 
Aja genotype (i.e., parallel to M/m of cucumbers) hermaphrodite flowers do 
appear. Moreover, melon plants having the A/a, g/g genotype are strongly affected 
by environmental conditions: plants with the same genetic composition may 
have a strictly female phenotype under short days and relatively low temperatures, 
but be gynomonoecious when grown under long days and higher temperatures. 
Still, the variability is at least partially controlled by additional genetic modifiers 
(KUBICKI, 1969b). The genetic basis of sex expression is not yet fully resolved. 
This is probably mainly because of two reasons: similar to cucumber, there is 
no linkage map in melons, and genetic modifiers cannot be proven unequivocally; 
and, unlike in cucumber, no male flowers can be induced in female melons 
by GA, and thus such plants cannot be self-pollinated. For the latter reason, 
we do not know whether A/A, g/g plants resemble A/a, g/g plants. In addition 
to the above mentioned genes which affect directly sex expression in melons, 
another gene abrachiate (ab) should be considered (FOSTER and BOND, 1967). 
The ab/ab plants have only one shoot and no side branches; thus, abrachiate 
plants with a monoecious or an andromonoecious genotype never bear female 
or hermaphrodite flowers, respectively, as those should appear on the nonexisting 
side branches. Such plants are thus functionally strictly male. 

Hybrid F 1 seed production of melons by hand pollination is a very laborious 
procedure, as most commercial varieties are andromonoecious and emasculation 
of the perfect flower should precede pollination. Labor can be reduced by introduc
ing monoecism into the appropriate parents-though this procedure is compli
cated because the favorable spherical fruit shape is strongly correlated with 
bisexual flowers. 
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In order to eliminate the need for hand pollination, RUDICH et al. (1970) 
suggested to treat the seed parent in the hybrid seed production field with 
both 2-chloroethylphosphonic acid (ethephon) and N,N-dimethylaminosuccina
mic acid (B-995). Such treatments prevented the development of male flowers 
on some monoecious lines but also reduced the number of female flowers and 
caused considerable damage to the plants. Moreover, environmental conditions 
may interfere and It is questionable whether chemical treatment alone will be 
applicable on a commercial scale. A combination of gynomonoecism with growth 
regulator treatment was suggested for the same purpose by ANA IS (1971), 
but it seems that the best practical solution would be to find genetic lines 
which are strictly female in certain seasons but will bear a sufficient number 
of hermaphrodite flowers in other seasons to enable the propagation of the 
line (Fig. 3.27). Experimental hybrids have been produced by this method (GALUN 
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Fig. 3.27. F i-hybrid seed production in melons based on gynomonoecism. The gynomono
ecious line is of the type which bears only female flowers when planted in spring (relative 
SD and low temp.), but bears both female and hermaphrodite flowers in the summer 

and NIEGO, unpublished). Finally, another approach should be mentioned. 
FOSTER (1968) suggested a com bination of a seed parent segregating to male-sterile 
plants with appropriate morphological markers, with an appropriate pollen 
parent for the production of commercial F 1 hybrid seed. 

Edible species of Cucurbita, i.e., C. pepo, Cucurbita maxima, Cucurbita mos
chata, Cucurbita mixta, are all monoecious and no femaleness was reported 
in them. ROBINSON et al. (1970) found that repeated 2-chloroethylphosphonic 
acid sprays (250 ppm) at the first-true-leaf stage eliminated male flowers from 
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at least the first two nodes and increased femaleness, and is thus an appropriate 
method for hybrid seed production. 

3.2.3.1.5 Scheme of Sex Expression in Cucumber 

The information on the inheritance of sex expression and the effects of light, 
temperature and chemical agent on sex in cucumber are summarized in a schematic 
diagram (Fig. 3.28). At the bottom of this scheme the main shoot of a hypothetical 
plant is represented. It contains the three flowering phases: staminate (male), 
mixed, and pistillate (female). Shoot A represents a normal monoecious (st+/st+) 
plant having only the two first phases. Shoot B represents either the same 
genotype shifted by nongenetic factors to stronger femaleness, or a monoecious 
plant with modifying genes. Shoot C represents a typical st+ 1st plant. Shoot 
D represents either the same genotype shifted to stronger femaleness by non genetic 
factors, or a different genotype: either st+ 1st with female modifiers or stlst 
with male modifiers. Shoot E represents a normal female plant (st/st). Obviously, 
effective treatment can shift sex expression over more than one step. Thus, 
stlst (E) plants after repeated GA applications may be shifted into a B or 
even an A phenotype, while st+ 1st + (A) plants after appropriate 2-chloroethylphos
phonic acid application may be shifted into a C, D or even an E phenotype. 

GENETIC FACTORS ; 5\+, !!l, 9., POLYGENES 
ENVIRONMENTAL FACTORS : LONG DAYS, HIGH TEMP 
HORMONAL & CHEM. FACTORS: GIBBERELLINS (GA3<GA4<,G~;;'GA9) 

) 
GENETIC FACTORS .~, !:::\, & POLYGENES 
ENVIRONMENTAL FACTORS : SHORT DAYS, LOW TEMP 
HORMONAL & CHEM. FACTORS: AUXINS (lA, NAA) ETHREL, GROWTH RETARDANTS 
( 
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MALE MIXED- FEMALE (or HERMAPHRODITE)-

Fig. 3.28. Scheme of factors affecting sex expression in cucumber. Bold arrow pointing 
to the right: extension of the male phase bold arrow pointing to the left: shift of the 
female (or hermaphrodite) phase toward the base of the plant. The sections represent 
nodes: shaded sections: male clear sectiolls: female (or hermaphrodite) 

3.2.3.2 Hemp (C all1U1bis sativa) 

Hemp is presently of marginal economic importance but it was a major fibre 
crop in Europe until several decades ago and its sex expression was then studied 
intensively. Thus, among the dioecious crops, hemp is still the one for which 
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we have the greatest amount of information on the physiology of sex expression. 
This information was reviewed thoroughly by HESLOP-HARRISON (1957) and 
NAPP-ZINN (1967). It is noteworthy that in contrast to hemp, our knowledge 
on the sex regulation in the related Cannabis indica is negligible, although in 
the latter the inflorescence itself composes the harvested crop. 

e. sativa is typically dioecious, but due to intensive breeding, varieties with 
different sex expression were produced; among the latter are monoecious varieties. 
Dioecism in hemp is accompanied by morphological dimorphism which is appar
ent only with the attainment of flowering. At this phase of development there 
is a considerable relaxation of elongation in the main shoot of female plants, 
and the bracts in sheathed female flowers are developed on short lateral shoots 
of a compact inflorescence. In male plants no such growth retardation occurs; 
consequently, a 'loose' terminal inflorescence is produced and the male flowers 
are typically borne in axils of the main shoot. This dimorphism in respect 
to flower location and inflorescence internode length is accompanied by a marked 
dimorphism in laminar shape (HESLOP-HARRISON and HESLOP-HARRISON, 
1958b). 

KOHLER (1964a) agrees with WESTERGAARD (1958) that the inheritance of 
sex in hemp is probably the most complicated one among dioecious plants, 
but attempted to derive at a relatively simple general genetic interpretation, 
in the following way: 

Normal male and female plants are X(Y and X/X, respectively. In addition 
there is an allele Xm which has a reduced femaleness-inducing ability. Thus, 
X/Xm plants do have a "female inflorescence" but may not be strictly females: 
depending on additional genetic and nongenetic modifiers they may tend to 
maleness, hence termed by KOHLER subgynoecious. Xm/Xm plants still retain 
a "female inflorescence" but are functional males. From studies by several authors 
including results of crosses with polyploids, KOHLER concluded that the genes 
promoting maleness are autosomal and balanced by the femaleness-promoting 
genes in the X chromosomes, while the Y chromosomes are 'empty' in respect 
to sex regulating genes, i.e., comparable to the mechanism of sex determination 
in Rumex acetosa. 

From the above considerations we can draw the following tentative equations: 

male plants with male-type inflorescence 
male plants with female-type inflorescence 
variable phenotypes from true females to 

monecious, but all with female-type 
inflorescence 

Female plants with female-type inflorescence 

X/Y, Xm(Y 
Xm/Xm 

Xm/X 
X/X 

Mutations and selection can alter the potency of both the autosomal male
inducing and the X-chromosome located factors. Consequently, great variability 
in sex types may be established. 

It was shown many years ago that auxin treatment can induce femaleness 
in male hemp plants (HESLOP-HARRISON, 1956). More recently, a similar shift 
in sex expression was reported by MOHAM RAM and JAISWAL (1970, 1972b), 
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after treatments with compounds which release ethylene. The strongest effect 
of this kind was caused by a 2-chloroethylphosphonic acid spray (480 and 
960 ppm) to male plants grown under winter conditions, which are known 
to strengthen femaleness in hemp. 

Morphactin was reported to affect sexual differentiation within the flower 
and even of the floral members (MOHAM RAM and JAISWAL, 1971). Spraying 
with 250 and 500 ppm delayed flowering, and in the delayed flowers stigmatic 
anthers and carpeIIate structures in anthers occurred. 

HESLOP-HARRISON and HESLOP-HARRISON (1961) observed that GA3 treat
ment strongly affected the stature of hemp plants, but they did not record 
a change in sex expression. Such a change was found by KOHLER (1964b) 
in a certain female genotype and was more recently reported by MOHAM RAM 
and JAISWAL (1972a), who were probably not aware of KOHLER'S previous 
findings. MOHAM RAM and JAISWAL detected male flowers in female plants 
treated with GA 3 , GA4 + 7 and GA9 (Fig. 3.29). They also reported that this 

Fig. 3.29 A- C. Changes in sex of hemp induced by gibberellic acid. (A) The upper part 
of a control female plant (x 0.3). (B) Part of a gibberellic acid-treated female plant; note 
reversion to female flower on side branch (x 0.5). (C) The upper part of a control male 
plant (x 0.2) (from MOHAM RAM and JAISWAL, 1972a) 

effect of GA could be prevented by simultaneous treatment with abscisic acid, 
and that abscisic acid alone had no effect on sex expression in hemp. 

It may thus be concluded that both environmental factors and chemical 
agents affect sex expression in hemp rather similar to their effect in cucumber. 

3.2.3.3 Maize (Zea mays) 

Maize rates as one of the most important crops and its sex expression can 
be modified considerably by both genetic and nongenetic factors. Therefore, 
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the sexuality of this plant deserves our attention. Sexual regulation is generally 
not considered to be of major importance in breeding and crop improvement 
of maize. Nevertheless, because of considerations outlined below, the modifications 
of sex expression in maize should not be ignored in agricultural and breeding 
practices. 

Most of the research on sex expression of maize was undertaken quite long 
ago and will not be fully reviewed here. Readers interested in a thorough coverage 
of the literature on this subject should first consult the reviews of HESLOP-HARRI
SON (1957) and NAPP-ZINN (1967), was well as the article of HESLOP-HARRISON 
(1961). 

3.2.3.3.1 Reproductive Morphology 

Maize is a monoecious plant and its flowers are normally diclinous; male and 
female flowers are normally borne on different inflorescences. 

The male inflorescence, termed tassel, is a terminal panicle, and its central 
axis is continuous with the axis of the main shoot of the plant. The tassel has 
usually a variable number of spirally arranged lateral branches. The spikelets 
are paired, one being sessile and the other pedicelled. Each spikelet has two 
flowers, an upper and a lower one, of which the first is advanced in its early 
development, and the latter may not attain maturity. The embryonal flower 
is monoclinous: after anther initials the gynoecium is initiated in form of an 
incomplete lip at the apical meristem of the flower, but further development 
stops when the gynoecium reaches a size of about 500 11m. 

As the female inflorescence is less affected by external modifiers, it will 
not be detailed here. Good descriptions can be found in HECTOR (1936) and 
in BONNETT (1940, 1948). This inflorescence ('ear') is the termination of a short 
lateral branch. The 'ear' is a modified spike, on the thickened axis of which 
are borne rows of paired spikelets, each having only one female flower. The 
interesting point here is that ontogenically in these flowers also, the stamen 
initials are first differentiated and attain a certain final size (ca. 250 ~lm). The 
later-appearing gynoecium then develops uninterruptedly. Thus, in spite of a 
great final difference between female and male flowers, they are morphologically 
indistinguishable up to a certain stage in their ontogeny (BONNET, 1940, 1948). 

3.2.3.3.2 Environmentally Induced Sex Modification 

Short photoperiods and low temperatures were reported by many authors to 
induce the development of female flowers on the tassel. These two environmental 
factors were analyzed in more detail by HESLOP-HARRISON (1961). Table 3.22 
demonstrates that the plants had the normal flowering pattern under LD and 
a temperature of ca 22°C. Either lowering the night temperature (the effect of 
day-temperature was not reported by HESLOP-HARRISON) or shortening the 
daily photoperiod induced the appearance of female flowers in the tassel. These 
two environmental factors seem to be additive in respect to their effect on 
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Table 3.22. Effects of day length and night temperature on the number of leaves on the 
main stem and on the appearance of female flowers in the tassel of maize 

Night temp." 
(0C) 

22 
10 

Number of leaves 
on the main stem 

8.h 21-22h 
photoperiod 

9.00 
8.33 

12.17 
13.33 

Number of female flowers 
in the tassel 

8h 21-22h 
photoperiod 

5.67 
12.50 

0.00 
1.17 

Data from HESLOP-HARRISON (1961). All plants were kept in the greenhouse for 8h daily 
(natural daylight; ca. 22°C) and transferred to growth chambers for the rest of the day; 
supplementary light was provided by incandescent illumination (50-100 ft c). 
" "Night temp." was applied during the 16h in the growth chamber. 

sex expression. Table 3.22 also indicates a quantitative photoperiodic effect 
in respect to flowering: the terminal inflorescence (tassel) appeared after a smaller 
number of foliar nodes under short rather than long photoperiods. These results 
are in full agreement with several previous reports based on less controlled 
experimental conditions. Exposure to short photoperiods and low temperatures 
during a critical period of anther differentiation also impaired the normal differen
tiation ofthose floral buds which were determined to have a suppressed gynoecium 
leading to nonfertile male flowers. 

It is common that, when environmental conditions do affect the sex expression 
of the tassel, the promotion of the gynoecium is manifested mainly at the base 
of the inflorescence. Moreover, if sex modification is experienced in a pair 
of spikelets of the tassel, it is common that the sessile spikelet is more 'female' 
than the pedicellate one ·(Figs. 3.30A, B). On the other hand, in the much 
less environmentally affected ear-when long photoperiods and high temperature 
cause a change in sex expression - male flowers are restricted to the apical 
part. This would be regarded as a mere stronger manifestation of the normally 
existing gradient, because underdeveloped male flowers are quite common In 

young maize ears. 

3.2.3.3.3 Sex Modification by Chemical Agents 

Auxins seem to have a direct effect on sex regulation in maize (HESLOP-HARRISON, 

1961), although a significant shift in floral bud differentiation from anther to 
pistil development could be obtained by ct-naphthaleneacetic acid (NAA) treat
ment only when the plants were kept at 'marginal' environmental conditions 
(Table 3.23). Under these 'marginal' conditions female flowers were observed 
occasionally in tassels of untreated plants, although on the average less than 
one such female flower per tassel was observed in these plants. The effect' of 
NAA on the tassel is pleiotropic; it also reduces drastically the branching. 
These results were confirmed by tests of endogenous auxin content made by 
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Table 3.23. Effect of o:-naphthaleneacetic acid (NAA) on the formation of lateral branches 
and female flowers in the tassel of maize 

Treatment Number of branches Number of female flowers 

8h 20 h 8h 20 h 
photoperiod photoperiod 

Control (water) 8.2 0.3 0.8 0.2 
NAA (100 mg/!, 0.15 ml) 1.2 7.2 5.7 3.2 

Data from HESLOP-HARRISON (1961), expressed as means per tassel; plants (Golden Bantam) 
were first raised in growth chambers (22°C, 75 % R. H.), with 10 h illumination (900- 1,100 
ft c) daily up to the stage of 5-8 cm length of the third leaf; they were then treated by 
injection in the vicinity of the shoot apex, and after 2 days were assigned to either 8- or 
20-h photoperiods. 

Fig. 3.30 A, B. Environmentally induced changes in sex expression in the tassel of maize. 
(A) Apical inflorescence of a plant maintained in short days. (8) An alicole of a terminal 
inflorescence showing a sessile hermaphrodite spikelet and a pedicilate male one (from 
HESLOP-HARRISO N, 1961) 

SLADKY (1969), who found a low aUXIn content In tassel initials and a high 
auxin content in ear primordia. 

Gibberellin treatment was not reported to interfere with the sexual differentia
tion of normal maize plants unless applied at very high doses and thus causing 
strong retardation of floral development. Nevertheless, the role of endogenous 
gibberellin in the differentiation of maize inflorescences is indicated by two 
lines of evidence. The first of these comes from studies of NICKERSON (1960a) 
on maize mutants which are defective in tassel development. He found that 
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sustained GA3 treatment restored partially or fully the phenotypes having the 
dominant genes com-grass (Cg) and teopod (Tp). Com-grass is a pleiotropic 
gene located in chromosome 3, and among its effects are abundant tillering 
and nonfunctional male flowers, both of which characters were restored to 
normal by repeated GA3 (125 ppm) application to the apical leaves; another 
Cg defect, nonfunctionality of the ear spikelets, was not restored. Teopod plants 
have strongly deformed inflorescences: the bracts, which are normally vestigial, 
grow enormously up to the size of blades; the functionality of both male and 
female spikelets is impaired; and, in addition, the plants' tillers are abundant. 
All these characters were changed toward a normal phenotype by GA3 treatment. 
NICKERSON (see also 1960b) argues that these GA3 effects are not a result 
of a direct regulatory role of gibberellin, but that at least some of them result 
from an interaction with the auxin balance of the plants. 

Another line of evidence regarding the role of endogenous gibberellins comes 
from tests on gibberellin-like substance content in maize plants by SLADKY (1969), 
who found a high content of these substances in tassel primordia and a low 
content in ear primordia. Unfortunately, the bioassay determination used by 
SLADKY does not allow a rigorous identification of these substances or of unidenti
fied inhibitors, the distribution of which also seems to be causally related to 
sex differentiation. 

3.2.3.3.4 Inheritance of Sex Expression 

During the years of intensive research on the genetics of maize a considerable 
number of mutants defective in inflorescence structure were detected, and the 
appropriate genes were identified and located on respective chromosomes (see 
EMERSON et aI., 1935). Some of these, such as tassel-seed (ts) and silkless (sk), 
were mentioned above in Section 3.2.1.2, in the coverage of artificial dioecism 
in maize. These genes were useful in formulating a rational attitude to the 
inheritance of sex expression in plants, but have no direct relevance to maize 
breeding. 

The implications of the above information for the practice of breeding and 
crop management of maize are manifold and quite obvious. We shall mention 
only one explicitly: the possible deVelopment of functional male flowers at the 
apices of ears of seed parents under certain environmental conditions may 
impair the attainment of F 1 hybrid seed from such plants. Moreover, one should 
be aware of the possibility that such and other modifications of sex expression 
are not only a result of environmental conditions but may also be affected 
by quantitative genetic factors. 

3.3 Incompatibility 

We shall use the term incompatibility to describe the phenomenon of an inability 
of plants having functional gametes to set seeds when either self-pollinated 
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or crossed with some of their genetic relatives. BREWBAKER (1957) and most 
other authors accepted the term originally coined by STOUT (1917), but restricted 
their definitions to self-incompatibility, i.e., inability to set seed after self-pollina
tion. As among all the systems of incompatibility known to us, none is restricted 
to self-incompatibility in the strict sense, we shall try to avoid the latter term. 

Incompatibility systems of all the different kinds have one trait in common: 
they maintain a high level of genetic heterosigozity in a given plant population. 
HOGENBOOM (1975) stressed the difference between incompatibility and incon
gruity. As we shall handle here only the first of these mechanisms, we shall 
be very brief in describing incongruity. Thus, while in incompatibility we are 
faced with a situation of an intimate competence between the pollen and the 
pistil combined with a genetic regulation which prevents seed setting in specific 
combinations, no such basic competence exists between the pollen and pistil 
of plants separated by the incongruity barrier. Hence, while incompatibility 
is functioning within populations (and species), incongruity is operating between 
populations (and species). 

Incompatibility was observed over 200 years ago. According to DARWIN 
(1877) it was KOLREUTER who in the 18th century reported on Verbascum 
plants which did not set seeds when pollinated with their own, apparently 
fertile, pollen, but readily set seed when cross-pollinated. During the last century 
numerous cases of incompatibility in angiosperms were reported. These were 
reviewed by EAST (1940) and more recently by ROWLANDS (1964), LINSKENS 
and KROH (1967) and ARASU (1968), who also furnished historical sketches 
of this subject. 

As we shall see, the genetic approach was rather successful and resulted 
in the revelation of genetic control mechanisms in all the main types of incompati
bility. Studies of the histology, physiology and biochemistry of the pollen-pistil 
relationships revealed many interesting facts and explained many features of 
the incompatibility systems (see review of HESLOP-HARRISON, 1975). These facts 
led to numerous theories which were instrumental in the encouragement of 
further studies but are still short of providing an unequivocal explanation of 
the relationship between the genetic control and the structural and biochemical 
regulation of incompatibility. We shall not elaborate on the theoretical aspects 
of incompatibility. The reader is therefore referred to some of the reviews in 
which theories are either detailed or cited (e.g. SAMPSON, 1962; LEWIS, 1965; 
ARASU, 1968; PANDEY, 1970a; DE NETTANCOURT, 1972; LINSKENS, 1974) and 
to a discussion meeting fully reported in the Proceedings of the Royal Society 
(Ser. B), Volume 188, no. 2 (1975). 

The early authors who studied incompatibility were mainly concerned with 
its evolutionary implications and less with its impact on crop production and 
breeding. Later investigators pointed out the various problems encountered 
with a cultivated plant in which incompatibility occurs, and devised means 
to overcome these problems (e.g. incompatibility in clones of fruit trees and 
forage plants) and only recently were incompatibility systems exploited for the 
benefit of plant breeding, i.e., for the production of F 1 hybrid varieties and 
breeding of ornamentals with an extended flowering period due to the lack 
of seed setting. 
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3.3.1 Genetics of Incompatibility 

Before the male gametophyte (the pollen) in angiosperms meets the female gameto
phyte, it has to make its way through the sporophytic tissue (the pistil) holding 
the female gametophyte (see Section 3.1.4). The pistil is thus the arena where, 
with a few exceptions to be mentioned below, the incompatibility phenomenon 
takes place. Moreover, since the pistil is a diploid sporophytic tissue, its compatibi
lity reactivity is genetically controlled by its sporophytic genome. On the other 
hand, the male gametophyte (the pollen) carries with it at least some components 
from the sporophyte on which it developed (e.g. material invested into the 
exine cavities from the tapetum). It also carries with it the cytoplasm from 
its sporophytic parent. Thus the pollen compatibility reactivity can be genetically 
controlled either by the genome of the gametophyte itself or by the genome 
of its parental sporophyte. Accordingly the compatibility systems were divided 
into two main groups: gametophytic incompatibility and sporophytic incompatibi
lity. 

3.3.1.1 Gametophytic Incompatibility 

In this group of incompatibility systems the pollen/pistil interaction is genetically 
controlled by the haploid genome of each pollen grain and the diploid genome 
of the pistil tissue. There are possible cases where at least part of the rejection 
mechanism is probably taking place in the embryo sac, which could point 
to a haplo-haplo incompatibility system (BOUHARMONT, 1960, cited by DE 
NETTANCOURT, 1972). Although cocoa (Theobroma cacao) may be such an 
exception, the genetics of its incompatibility is rather complicated and cannot 
be regarded as fully solved (KNIGHT and ROGERS, 1955; COPE, 1962). Additional 
cases, where the incompatibility probably takes place in the embryo sac, were 
reported in perennial geophytes of the genera Freezia, Gasteria, Hemerocallis 
and Narcissus. 

3.3.1.1.1 One Multiallelic S Locus 

The genetic control of this system, also termed the Personata type of incompatibi
lity, can be demonstrated by the incompatibility in Nicotiana sanderae (EAST 
and MANGELSDORF, 1925). In this system one S locus with a large number 
of alleles: S1, S2, S3 ... Sm, Sn, controls the compatibility relationships. The pistil, 
being a diploid sporophytic tissue, always has two of these alleles, normally 
in a heterozygous state, e. g. S 12 3, S 13, Snm. In each pollen grain (and tube) 
there is correspondingly only one allele, e.g. S1, S2 ... Sn. Compatible pollination 
takes place only when a given allele in the pollen is met with different alleles 
in the pistil. In N. sanderae incompatible pollen is inhibited in the style, as 
shown schematically in Fig. 3.31. The pollination in A is incompatible because 

3 The heterozygote is assigned by some authors as Sl S2 and by other as S12. 
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(none) 

Fig. 3.31 A-C. Pollen-tube growth and fertilization in the one S locus gametophytic incompati
bility system: three sources of pollen pollinating an SI2 pistil. (A) pollen from an S12 
plant: all pollen tubes are inhibited. (B) pollen from an Sim plant: SI pollen is inhibited 
and SOl is compatible, resulting in S 1m' and S 2m zygotes. (C) pollen from an Snm plant: 
both SOl and Sn pollen are compatible, resulting in S 1m, S 2m' S In and S 211 zygotes 

both the S1 and the S2 pollen are matched in the pistil with identical alleles. 
Both Band C are compatible pollinations but in B half of the pollen (Sm) 
is not matched in the style and thus attains fertilization. Thus, Band C differ 
only in their progeny, segregating into two and four compatibility groups, respecti
vely. Hence, legitimate pollinations always result in zygotes which are heterozy
gous in respect to the S alleles. The genetics of this system limits the minimal 
number of S alleles in an isolated population to three. Such a population will 
consist of three genotypes: S12, S13 and S23. When these are crossed (and 
selfed) in all nine possible reciprocal combinations, three (selfings) will be incom
patible and in six only half of the pollen grains will be compatible with the 
respective pistil. An increase in the number of alleles in the population will 
obviously increase the ratio of compatible to incompatible pollinations. Thus, 
when the number of alleles in the population is 4, only 6/36 of the possible 
combination are incompatible; in 24/36 combinations half of the pollen grains 
are compatible; and in 6/36 combinations all the pollen grains are compatible. 
Table 3.24 demonstrates these compatibility relationships. Simple mathematic 
equations can obviously be constructed to acccount for an indefinite number 
of alleles by taking into account the prevalance. of each allele in the population. 
Thus, if T is the total number of cross- (and self) pollination combinations 
in a given population and leis the number of incompatible combinations, 

the relation between these numbers will be 1 = ~;. 
Another characteristic of a population with only three alleles in this system 

is a unidirectional compatibility in a given progeny when crossed to their maternal 
and paternal parents: when an S 12 plant is pollinated by S 13, the progeny 
will be composed of S13 and S23 plants; both types of plants will be compatible 
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Table 3.24. Compatible and incompatible combinations among all possible reciprocal cross-
and self-pollinations in populations having the one multiallelic S locus, gametophytic in-
compatibility system. The populations contain either three S alleles (A~plants are S12, S13 
or S23) or four alleles (A+B~plants are S12, S13, S23, S14, S24, or S34). Numbers in 
parentheses represent fractions of compatible pollen grains in each cross-pollination 

0 A B 
'¥ 

S12 S13 S23 S14 S24 S34 

S12 (1/2) (1/2) (1/2) (1/2) (1) 
A S13 (1/2) (t/2) (1/2) (1) (1/2) 

S23 (1/2) (1/2) (1 ) (1/2) (1/2) 

S14 (1/2) (1/2) (1 ) (1/2) (1/2) 
B S24 (1/2) (1) (1/2) (1/2) (1/2) 

S34 (1 ) 0/2) (1/2) (1/2) (1/2) 

pollinators to their maternal parent, but only S23 will be a compatible pollinator 
to its paternal parent. 

With very few exceptions (e.g. Solanaceae) all the incompatible species belong
ing to the same family have a common incompatibility system. The one S 
locus multiallelic gametophytic incompatibility system occurs in several angio
sperm families. Among these, detailed genetic studies were performed mainly 
in the following: 

Leguminosae (Trifolium) 
Solanaceae (Nicotial1a, Lycopersicon, Solanum, Petunia) 
Scrophulariaceae ( Antirrhinum, N emesia) 
Rosaceae (Prunus, Malus) 
Onagraceae (Oenothera) 
Liliaceae (Lilium) 

This system can thus be found in several genera having great agricultural 
or ornamental importance. In some cases the cultivated species themselves contain 
incompatibility (e.g. Prunus avium, Trtfolium rep ens ); in others, incompatibility 
is found in wild relatives of the cultivated species while the latter lacks this 
allogamic mechanism (e. g. Lycopersicon peruvianum/L. esculentum; Nicotiana ala
ta/N. tabacum). 

There is no recent detailed list of cultivated species and their wild relatives 
having the one S locus multi allelic incompatibility system. Those interested 
in detailed information are therefore referred to several reviews, some of them 
quite old: EAST, 1940; LEWIS, 1949a; WHITEHOUSE, 1950; BREWBAKER, 1957; 
CROWE, 1964; ARASU, 1968; LUNDQVIST, 1968; PANDEY, 1970b; DE NETTAN
COURT,1972}. 

The mutagenicity of the incompatibility gene S, and the change from incompa
tibility to compatibility due to polyploidization, were studied extensively. A 
detailed review of these studies and an account of the several hypotheses drawn 
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from them are outside the scope of this book. Moreover, in many of these 
studies the incompatibility system was used as a tool to investigate fundamental 
gene action problems rather than to clarify the genetic control of incompatibility 
per se. In a recent discussion paper, DE NETTANCOURT et al. (1975) reviewed 
their own work on S gene mutation and function and related it to facts and 
hypotheses found in the extensive literature available on this subject, i.e., emerging 
from studies of A. J. BATEMAN, J. L. BREWBAKER, A. J. G. VAN GASTEL, D. 
LEWIS, F. W. MARTIN, K. K. PANDEY, and their associates. The above review 
can thus serve as an introduction to this subject. We shall hence confine ourselves 
here to the main facts and point out only some of the hypotheses which are 
accepted by most of the authorities in this field. 

1. Mutations induced by X-ray radiation of flower buds result in two main 
types of mutations: permanent pollen part mutations rendering one of the S 
alleles to show a permanent loss of its incompatibility activity, and 'reversible 
mutations' resulting in an unstable inactivity which permits the pollen tube 
to pass the incompatibility barrier in the pistil, while the normal incompatibility 
character reappears in the progeny. The exact nature of the latter type of mutation 
is not clear and it may be questioned whether or not it should be considered 
mutation in the common sense. 

2. There are three types of permanent mutations: one affecting the expression 
of incompatibility in the pollen only; a second affecting the pistil only; and 
a third affecting both pollen and pistil. 

3. Most authors noted that through X-ray-induced mutations no new S 
alleles could be isolated. 

4. In several cases the loss of incompatibility in the pollen was linked to 
the appearance of a small chromosomal "centric fragment" which could be 
traced in one case (Nicotiana alata) to result from a chromosomal satellite, 
probably via a duplication-fragmentation process. 

5. Diploid pollen, which carries two S alleles, and is produced in tetraploid 
plants resulting from induced chromosome duplication of incompatible diploid 
plants, can have one of three types of action. This pollen may act as the diploid 
pistil, e.g. the two alleles can function independently so that S12 pollen will 
be incompatible in all pistils carrying either or both Sl and S2. This is probably 
the situation common to species with this type of incompatibility belonging 
to families such as Commeliaceae, Bromeliaceae and Liliaceae (i.e., monocotyle
dons). In the second type of action the pollen may lose its incompatibility 
in respect to all pistil genotypes, probably by a kind of 'competition' between 
the two kinds of S alleles. Finally, one allele may be dominant over the other, 
so that if Sl is dominant over S2 the diploid S12 pollen will be compatible 
with a S23 pistil but incompatible with S12 or S13 pistils. 

6. New S alleles may in some species (Lycopersicon peruvianum) arise following 
forced inbreeding for several generations. 

Based on some of the above facts and on biochemical evidence to be handled 
below, LEWIS (1949b, 1960) proposed the tripartite structure of the S locus 
in this system. According to this hypothesis the S locus has a specificity segment, 
common to both pollen and pistil. This segment controls the type of S allele, 
i.e., whether it will be Sl, S2, etc. A second segment controls the activation 
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of the S activity in the pollen and the third segment controls the S activity 
in the pistil. 

3.3.1.1.2 Two Multiallelic S Loci 

This system of incompatibility was discovered by LUNDQVIST (1954) in rye 
and by HAYMAN (1956) in Phalaris. It was subsequently found in other species 
of the Gramineae. The review of LUNDQVIST (1975) should be consulted for 
previous work on this system. The incompatibility mechanism is based on two 
multiallelic S loci (S and Z) which are inherited independently but (with one 
exception-Physalis-to be mentioned below) interact in their incompatibility 
function. Allelic identity in respect to both these loci in the genotypes of the 
pollen and the pistil leads to incompatibility. Genetic identity in respect to 
only one of these loci allows compatible pollination. The compatibility reaction 
of the pollen is determined, in respect to both the S and Z alleles, by the 
genotype of the gametophyte only. An additional important characteristic of 
this system is the complete lack of competition or dominance between the 
two alleles of the same locus (typical in diploid pollen of dicotyledons of the 
Personata incompatibility mentioned above, and in the sporophytic incompatibi
lity to be mentioned below). Thus, doubling the chromosomic number will 
not cause self-compatibility. There is also no epistasis between the Sand Z 
alleles. 

The following list of crosses will demonstrate the incompatibility of this 
system: 

SllZ33(~) x S22Z44(d)-+compatible 

SIIZ33(~) x SIIZ44(d)-+compatible 

SllZ33(~) x S12Z34(d)-+compatible 

S12Z34(~) x SllZ33(d)-+incompatible 

(1) 

(2) 

(3) 

(4) 

From these examples it already becomes clear that reciprocal crosses such 
as (3) and (4) result in different compatibility responses. Further characteristics 
of this system will become clear from another example. Let us assume that 
a double heterozygous plant S 12Z34 was obtained and, in spite of its self-incompati
bility, a progeny was obtained by self-pollinating this plant (possible under 
certain conditions and was actually achieved). This II progeny will consist of 
nine genotypes, each having a typical theoretical frequency. If all the plants 
in such a progeny are crossed (and selfed) in all possible combinations, the 
predictable results will be as presented in Fig. 3.32. The scheme of Fig. 3.32 
indicates that one genotype, S12Z34 is self-incompatible and also incompatible 
with all other genotypes when used as seed parent, but compatible with all 
other genotypes when used as pollen parent. Other reciprocal differences in 
incompatibility can be seen clearly in Fig. 3.32: genotypes of this II population 
as seed parents are incompatible with four or with two of the nine genotypes, 
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Seed Parent 

S (1) S (2 S (1) S (2) S (4 S (2 S (1) S (2) S (1 
11 11 11 12 12 12 22 22 22 

Z33 Z34 Z44 Z33 Z34 Z44 Z33 Z34 Z44 

C1l%'e 2 1 2 4 2 1 2 1 
Sll Z33///1 

Allogamy 

Fig. 3.32. The two multi allelic S loci incompatibility: compatibility relationships among 
progeny plants obtained by forced self-pollination of a S12Z34 plant. Shaded and clear 
squares: incompatible and compatible combinations, respectively numbers in parentheses: 
frequency (multiplied by 256) of. a certain cross, provided all crosses are possible 

respectively, when used as pollen parents. Actual results of this kind were found 
by LUNDQVIST (1954). The calculated value of the percentage of compatible 
pollinations in this example is 60.9 and the value found by LUNDQVIST was 
59%. It becomes obvious that this percentage is higher than that obtained 
in a similar multiple crossing test of all the progeny of a forced self-pollination 
of an S 12 plant in the one S locus incompatibility system. In the latter, only 
37.5 % of the crosses will be compatible. 

Generally speaking, the strength of incompatibility in this system is much 
less than in the one S locus system. Thus, for example, while in those species 
of the genus Petunia which show incompatibility, pseudocompatibility is very 
rare; this latter phenomenon is common in species of the grass (Gramineae) family. 

It should be noted that the assignment of Sand Z alleles to a plant of 
unknown genotype is relatively simple when tester plants of known genotypes 
are available, but uncovering of the incompatibility alleles in a previously unknown 
system is a very complicated task. Hence, even experienced investigators may 
find it impossible to assign a specific incompatibility system to a species under 
their study. An example of such a case is the study of HAYWARD and WRIGHT 
(1971) on Lolium perenne in which the two S loci system typical to the Gramineae, 
could not be assured. 

Finally, PANDEY (1957) reported that in Physalis ixocarpa, although there 
are two multi allelic incompatibility loci, identity at either locus in pollen and 
pistil is sufficient to lead to incompatibility. Moreover, there may be independent 
activity or epistatic interaction between the two loci. 
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3.3 .1.1.3 Three or More S Loci 

From the analysis ofthe two S loci handled above we deduced that unidirectional 
incompatibility is characteristic in cases where the pollen parent is heterozygous 
for one S locus for which the seed parent is homozygous. Thus, while the cross 
S1·2SPCn x S1·2S1·4(d)is compatible the cross S1·2S1.4(~) x S1·2S1·3(d) is incompat
ible (note the change in designation of incompatibility loci: Sa and Sb rather 
than Sand Z). 

However, how about a case in which a certain plant (A) is compatible 
as pollinator with both plants (B) and (C), and plant (B) is compatible as pollinator 
with plant (C), but other crosses among (A) (B) and (C) are incompatible? 
If we try to design a scheme for such a case based on two loci for this three-level 
unidirectional incompatibility, we arrive at the following scheme (0STERBYE, 

1975). (The arrow in this scheme denotes unidirectional compatibility). 

S~·2 S~.4 

! 
S~·l S~·4 

! 
S~·l S~·3 

This scheme has a double homozygous plant at its bottom, but such a 
double homozygous plant would never result from legitimate crosses. From 
considerations of this kind, LUNDQVIST and his associates (LARSEN, 1974; LUND
QVIST et aI., 1973; LUNDQVIST, 1975; 0STERBYE, 1975) estimated the number 
ofS loci in Ranunculus acris (Ranunculaceae) and Beta vulgaris (Chenopodiaceae). 
Working with several "families" of R. acris, these authors concluded that at 
least three S incompatibility loci are active in this species. B. vulgaris turned 
out to be even more complex and the data could be explained only by the 
operation of four S loci. Thus, when such incompatibility families in B. vulgaris 
were tested in a diallel cross, the results were compatible with the predicted 
pattern shown in Fig. 3.33, indicating four levels of unidirectional compatibility. 
A similar case may be Papaver rhoeas (LAWRENCE, 1975). 

In the one multiallelic S incompatibility (Personata) system considered above, 
an increase in the number of alleles in a given population linearly increases 
the ratio of compatible to incompatible crosses. Increasing the number of incom
patible loci would exponentially increase this ratio. Cases of unimpaired incompa
tibility on the polyploid level were reported in Chenopodiaceae as well as in 
Ranunculaceae. This retention of incompatibility by polyploid plants is the 
rule in all the monocotyledons, hinting to a similarity between the two S loci 
and the multiple loci incompatibility systems. Such and other considerations 
were elaborated by LUNDQVIST (1975) and interesting ideas on the evolution 
of incompatibility system were derived. These are outside the scope of this 
book. Nevertheless, it should be noted that the two families in which the multiple 
S loci systems were detected (i.e., Ranunculaceae and Chenopodiaceae) are consi
dered to belong to a common dicot evolutionary branch, the basis of which 
is probably close to the point of origin of the monocot group. This may explain 
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Fig. 3.33. Predicted incompatibility pattern in a family of Beta vulgaris. Arrows: direction 
of compatible pollinations (arrowheads point to the seed parent). Double-headed arrows: 
crosses connecting reciprocally compatible polIinations (after LARSEN, 1974) 

the existence of two S loci in the Gramineae and more than two S loci in 
the former two families. On the other hand, the revelation of only one S locus 
in other mono cot families must be justified by further evolutionary elaboration 
i.e., as a later reduction in the number of expressed S loci in isolated populations. 
One implication of such considerations for the plant breeder is that crossing 
plants from two widely separated populations may reveal 'hidden'S loci, possibly 
even in cases where either or both ofthese populations do not show any incompati
bility because of independent mutations toward compatibility. The reader is 
thus referred to a detailed discussion of this subject by LUNDQVIST (1975). 

3.3.1.2 Sporophytic Incompatibility 

While the group of gametophytic incompatibility systems is characterized by 
its pollen reaction being determined by the genotype of the gametophyte, it 
is typical of the sporophytic incompatibility system that the pollen reaction 
is determined by the genome of the somatic tissue (of the sporophyte) in which 
this pollen developed. 

For convenience we shall divide sporophytic incompatibility into heteromor
phic and homomorphic incompatibilities. The designations 'heteromorphic' and 
'homomorphic' are here limited to floral morphology. A further definition of 
this term in respect to incompatibility will be given below. It should, however, 
be noted that from various points of view the division of this incompatibility 
system, which is based on floral morphology, is not fully justified. We shall 
see that in contrast to the incompatibility systems mentioned above, e.g. one, 
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two or more S loci gametophytic incompatibilities, the heteromorphic incompati
bility does not constitute a coherent group in respect to phylogenetic or evolution
ary aspects. Moreover, we may see that in the same species, populations with 
either or both heteromorphism and incompatibility coexist and that there may 
be no genetic linkage between these two characters. It may even turn out that 
in some heteromorphic species the incompatibility is gametophytic rather than 
sporophytic. However, since in all heteromorphic incompatibility cases studied 
up to now the genetic data revealed sporophytic determination, we included 
heteromorphic \ncompatibility in the sporophytic incompatibility system. 

3.3 .1.2.1 Heteromorphic Incompatibility 

The existence of variation in floral structure within the same species was detected 
by several authors, but it was not until the publication of HILDEBRAND'S studies 
in 1867 and a subsequent publication of DARWIN'S observations in 1877 (see 
VUILLEUMIER, 1967, for review and detailed references) that a causal relation 
betwe~n floral variations and the prevention of self-fertilization was fully appre
ciated. The term heteromorphic incompatibility was coined by FISHER and 
MATHER (1943). 

Although heteromorphism may include a great number of features (e.g. anther's 
height, pollen wall sculpture, pollen grain size, stylar length, stigmatic surface), it 
is most clearly, but not necessarily always, manifested in the stylar length. The 
term 'heterostyly' is therefore preferred over heteromorphism by many authors. 
This heterostyly is usually expressed in either of two phenomena: (1) the species 
(or population) is composed of two types of plants, one having short-styled, 
and the other long-styled flowers (distyly); (2) there are three types of plants, 
with short- medium-or long-styled flowers, respectively (tristyly). Pollinations 
within the same floral form (morph) are termed illegitimate, and those between 
different morphs are termed legitimate. Heteromorphic incompatibility hence 
renders both self-pollination and intramorph (illegitimate) cross-pollination infer
tile .. 

VUILLEUMIER (1967) analyzed the literature and her own data and reported 
on 23 families with 131 genera having heterostyly. These include both monocotyle
don and dicotyledon families; only nine of these genera are tristylic, the others 
being distylic. Contrary to what may be deduced from soine texts, in most of the 
heterostylic genera listed by VUILLEUMIER no incompatibility was reported, 
although it may well exist in part of the latter genera. Heteromorphism which 
lacks incompatibility may still strongly promote allogamy due to the mechanism 
of insect pollinations which render intermorph pollination much more frequent 
than intramorph pollination. 

Heteromorphic incompatibility was reported in several ornamental plants 
and is very rare in economic crops. Some of the former belong to the following 
families: Linaceae (Linum), Plumbaginaceae (Plumbago, Ceratostigma, 
Limonium), Lythraceae (Lythrum), Amaryllidaceae (Narcissus), Pontederiaceae 
(Eichhornia), Primulaceae (Primula). Heteromorphism is correlated with ento-
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mophily and the latter is associated with an attractlVlty of the flower to the 
pollinating insect (see Chapter 1.3). There thus seems to be some overlapping 
in the tastes of man and insects. 

A now classical case of distyly was reported by DARWIN to exist in Primula. 
From his and several later studies (see BODMER, 1966, for references), the following 
picture emerges. The distylic populations of Primula species are composed of 
about equal numbers of plants with either long styles and short stamens ('pin') 
or short styles and long stamens ('thrum'). 'Pin' plants have also larger stigmatic 
cells and smaller pollen grains than 'thrum' plants, and in some cases additional 
characters were found to be strongly linked to this complex of floral heteromor
phism. This complex is governed by a single locus which also regulates the 
incompatibility relation. Such populations are normally composed of Ss ('thrum') 
and ss ('pin') plants and the only fully compatible combinations are 'pin' 
(c;?) x 'thrum' (ss x Ss) and 'thrum' (c;?) x 'pin' (Ss x ss). Thus, both the S and the 
s pollen of 'thrum' plants are compatible on 'pin' pistils, but the s pollen of 
'pin' plants is incompatible on 'pin' pistils, meaning that the compatibility reaction 
of the pollen is determined not by its own gametophytic genome but by the 
sporophyte on which it was produced. Although such a complex between sporo
phytic incompatibility and distyly is known in several other genera (e.g. Linwn, 
Limonium), this complex is by no means obligatory within a genus neither within 
the same species. Thus, studies of DULBERGER (1964, 1970a) indicated that 
the heteromorphism in Narcissus tazetta (Amaryllidaceae) as well as in Anchusa 
h ybrida (Boraginaceae) is not genetically linked to the incompatibility mechanisms 
of these species. This is clearly expressed by the normal fertility of "illegitimate" 
pollinations in spite of self-incompatibility. On the other hand, in a wide-range 
survey (from 11°N to 25 oS and from 39°E to 168°E), LEWIS (1975) found 
within the species Pemphis acidula (Lythraceae) many distylic populations, which 
were probably intramorph-incompatible, and only one homomorph population, 
which was most probably self-compatible. In this case a loss of floral heteromor
phism paralleled a loss of incompatibility. A further elaboration of evolutionary 
considerations concerning heteromorphism and incompatibility is outside the 
scope of this book. The above mentioned publication of LEWIS, as well as 
an earlier article of BAKER (1966), may serve as an introduction to these considera
tions. 

Tristylic heteromorphism is known in three angiosperm families (Oxalidaceae, 
Lythraceae, Pontederiaceae). In tristylic populations every plant is characterized 
by having one type of flower. There are thus three 'morph' groups consisting 
of flowers with long, 'mid' or short styles. The anthers occupy typically (with 
notable exceptions) two out of three possible positions-low and 'mid', high 
and low, 'mid' and low-so that the third position is occupied by the stigma 
(Fig. 3.34). Investigation of the breeding behavior of Lythrum salicaria was already 
undertaken by DARWIN, and from his and subsequent studies the following 
may be summarized. Each of the three morphs contains one type of flower, 
similar to those shown in Fig. 3.34. Pollen from any given anther position 
is only compatible with a pistil having the same stigma position, which means 
that pollen from the two sets of anthers in one flower (e.g. long-styled) can 
fertilize flowers of two other complementary floral forms (e.g. short-styled and 
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Long 

Mid 

Short 

Fig. 3.34. Tristyly in Lythrwn jUllceum : anthers and stigmata are positioned at three levels; 
compatible pollination takes place between anthers and stigmata of the same level (redrawn 
from DULBERGER, 1970b) Copyright (C) Blackwell Sci. Pub. Ltd. Reproduced by permission 

'mid' -styled). The genetic constitution of the three morphs is based on two indepen
dent loci, M and S, with each having two alleles: 

Long style - mmss 
'Mid' style - Mmss or MMss 
Short style - MmSs, mmSs, MMSs, MMSS or mm$S. 

The dominant allele S conditions short style and is epistatic to M; the 
recessive s, in homozygous condition, interacts with M or m to give 'mid'
or long-styled forms, respectively. In addition to these morphological differences 
between the floral types additional differences, such as pollen form and stigma 
structure, also exist. The segregation of the two loci in Lythrum salicaria is 
complicated, as this species is an autotetraploid but basically the same compatibi
lity relationships also exist in the true diploid tristylic Lythrum junceum (DUL
BERGER, 1970b) and are controlled by a similar genetic mechanism. 
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3.3.1.2.2 Homomorphic Incompatibility 

Sporophytic control of pollen incompatibility was suggested already in 1912 
by CORRENS for Cardamine pratensis (Cruciferae), but a satisfactory explanation 
of the experimental results was delayed for 38 years. Only then was the genetic 
control in this system fully explained for the two composite species Crepis 
foetida and Parthenium argelltatum by HUGHES and BABCOCK (1950) and GERSTEL 
(1950), respectively. Since then, this system of incompatibility has been established 
in numerous species, many of them of great economic value. These belong 
mainly to the families Cruciferae, Compositae and Convolvulaceae. The genetic 
details of this incompatibility system were presented by BATEMAN (1952, 1954, 
1955) and later information can be obtained from the general review on incompati
bility of ARASU (1968). The main genetic features of this system may be summarized 
in the following: 

1. Incompatibility is controlled by one S locus having several alleles; the 
number of these alleles is usually less than in the one S locus gametophytic 
incompatibility system, but in some species (e.g. Brassica oleracea) over 30 such 
alleles were revealed. 

2. The reaction of the pollen is determined by the genotype of the sporophytic 
tissue in which it was formed, and thus it is controlled by two S alleles. 

3. Resulting from the above type of pollen control, all the pollen of a plant 
has the same incompatibility reaction. 

4. The two S alleles may react independently or they may interact by one 
being dominant over the other; these relationships may exist in one, both, 
or neither the pollen or the pistil; the recessive allele has then no activity. 

5. Active allele identity in both pollen and pistil leads to incompatibility. 
6. The dominance/independence relationships of the S alleles in the pollen 

and in the pistil may differ. 
Such dominance/independence relationships may lead to rather complex 

incompatibility reactions. This will be demonstrated with an apparently simple 
cross: S13 (<f) x S12 (0) in which the compatibility is expected to be the following: 

Pollen reaction 
Independent 
Sl dominant to S2 
S2 dominant to Sl 
Independent 
Independent 
Sl dominant to S2 
Sl dominant to S2 
S2 dominant to Sl 
S2 dominant 

Pistil reaction 
Independent 
Independent 
Independent 
Sl dominant to S3 
S3 dominant to Sl 
Sl dominant to S3 
S3 dominant to Sl 
Sl dominant to S3 
S3 dominant to Sl 

Compatibility 
Incompatible 
Incompatible 
Compatible 
Incompatible 
Compatible 
Incompatible 
Compatible 
Compatible 
Compatible 

Figure 3.35 compares the sporophytic incompatibility with the gametophytic 
one. For simplicity the sporophytic incompatibility is represented by the case 
of independent activity of the S alleles in both pollen and pistil and the gametophy
tic incompatibility is represented by the one S locus control. Actually, among 
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Pollen Parent 

513 5 14 523 524 

513 (2) (2) (4) 

~ 514 (2) 

d: 
""0 
~3 (2) (l! 

(l! 
<fl 

~4 (4) 

One 5 locus, multiallelic 
gametophytic incompatibility 

177 

Homomorphic sporophytic 
incompatibility with independent 
5 alleles activity in both pollen 
and pistil 

Fig. 3.35. Comparison between the one multi allelic S locus, gametophytic incompatibility 
and the homomorphic-sporophytic incompatibility (with independent S allele's activity in 
both pollen and pistil). The two schemes describe the theoretical results of diallele crosses 
among the plants of an F 1 progeny of a cross between two unrelated parental plants 
(S 12 X S 34). Shaded squares: incompatibility;/lgures in parentheses: number of zygote geno
types produced by each cross 

POLLEN STIGMA 

9,13,5 
15,21,26 

/' 

Fig. 3.36. Groups of S alleles arranged spatially in accordance witij their dominance relation
ships in Brassica oleracea. Hlhole lines with arrow: dominance of upper over lower group 
broken lines with arrow: S alleles heterozygotes between groups show either activity of 
both alleles or alleles from upper group dominant over those from lower group dotted 
lines: both alleles active (from THOMPSON, 1968) 

most of the species where sporophytic incompatibilities were studied in detail 
(e.g. several species of Brassica), independent activity of the S alleles is rather 
rare. Figure 3.36 gives an example of the dominance relationships of the S 
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alleles in Brassica oleracea (THOMPSON, 1968). Additional information on the 
recognition of S alleles and their interrelation in the pollen and pistil can 
be obtained from THOMPSON and HOWARD (1959). From this scheme it may 
be deduced that the complicated dominance relationships which may exist in 
species with sporophytic incompatibility present a baffling problem. Fortunately, 
several methodol()gies and new approaches were recently developed to help 
solve such problems. As we shall detail in a subsequent section, various techniques 
are now available to overcome incompatibility barriers even in plants homozygous 
for an S allele, and thus forced self-fertilization is possible. Plants with a known 
pair of homozygous S alleles can then be used as efficient testers for the identifica
tion of new S alleles in genetically unidentified plants. Moreover, if a plant 
with known S alleles (say Sd is self-pollinated and the progeny intercross ed, 
it is then rather simple to reveal the dominance relationship between the alleles 
concerned as shown in Table 3.25. The identification of the correct dominance/in-

Table 3.25. Expected compatibility relationships among the progeny of a (forced) self-pollinated 
S 12 plant, when different dominance/independence relations between the S alleles are assumed. 
Plus and minus signs indicate compatible and incompatible crosses, respectively 

Dominance/independence Genotype of Genotype of pollen parent 
relationship of S alleles seed parent 

Sl! S12 S22 

Independence in both Sl! + 
pollen and pistil S12 

S22 + 

Independence in pollen; Sl! + 
SI dominant over S2 in S12 + 
pistil S22 + 

Independence in pistil; Sl! + 
SI dominant over S2 in S12 
pollen S22 + + 

SI dominant over S2 in Sl! + 
pollen and in pistil S12 + 

S22 + + 

dependence relationships ofthe S alleles can then be further verified by back-cross
ing to the parental plant and/or test-crossing to known testers. 

Other, non-genetic techniques, applicable in the study of the incompatibility 
reaction, are also available. We shall return to these techniques while dealing 
with pollen/pistil interactions and with the utilization of incompatibility systems 
for plant breeding. 

Contrary to what was found in most species having the one S locus gametophy
tic incompatibility, doubling the chromosome number in species with sporophytic 
incompatibility does not disturb the incompatibility reaction; neither does incom
patibility disappear in natural polyploid species or variants of the latter type. 
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Finally, we shall mention the incompatibility of cocoa (Theobroma cacao). The 
data for the incompatibility in this species are somewhat confusing. This species 
represents one of the cases in which the incompatibility occurs in the ovules: 
in incompatible crosses all or some of the male and female gametes do not 
fuse. Flowers in which the fusion of gametes was thus reduced, undergo early 
shedding. The incompatibility was found to have some characters of a sporophyti
cally controlled system but gametophytic control cannot be completely excluded 
and probably other loci, in addition to the S locus, are involved (see COPE, 

1962, for details). 

3.3.2 Pollen-Pistil Interaction 

The processes of pollen germination on the stigma, the growth of the pollen 
tube in the style, and the penetration of the tube into one of the synergid 
cells with the final discharge followed by the double fertilization, as described 
briefly above (3.1.4), obviously require a rather detailed and precise adjustment 
between pollen and pistil. Such adjustments were probably an integral component 
of the evolution of each species. Populations which ramified from the species but 
did not share the co-evolution of intimate pollen-pistil partnership, were thus 
probably separated and an incipient interspecific boundary evolved. Evidence 
is accumulating in favor of the notion that different control mechanisms govern 
pollen-pistil interactions of the above type and intraspecific incompatibility. 
It seems that the latter system is superimposed on a well-adjusted pollen-pistil 
interaction (see HESLOP-HARRISON, 1975, and HOGENBOOM, 1975). In the follow
ing we shall be concerned only with incompatibility in the restricted (intraspecific) 
sense. 

In our dealing with pollen-pistil interaction we shall mainly be concerned 
with structural and biochemical aspects of this interaction, bearing in mind 
their relevance to crop production and breeding. We shall mostly refrain from 
an evaluation of the factual information which may lead to a better understanding 
of the incompatibility. Those interested in the latter approach are referred to 
HESLOP-HARRISON et al. (1975) for further reading. 

3.3.2.1 Pollen Cytology and Pollen-8tigma Interaction 

Let us first look at the cytology of the pollen before it reaches the stigmatic 
surface. Following a survey of incompatibility systems, BREWBAKER (1957) pointed 
out the correlation between incompatibility system and number of nuclei in 
the pollen, noting that in general, species belonging to the gametophytic and 
sporophytic incompatibility system have two and three nuclei, respectively. BREW

BAKER himself found exceptions to this correlation, but many more are known 
now. Thus, pollen of species with the two S loci gametophytic system has 
three nuclei, while at least in some of the plants with the heteromorphic-sporophy
tic incompatibility system the pollen has two nuclei. Furthermore, as detailed 
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above, in Ranunculus a three S loci gametophytic system was revealed and 
the pollen has two nuclei, while in Beta belonging to a related family and 
having a similar incompatibility system, the pollen has three nuclei. On the 
other hand, in the two important families with sporophytic incompatibility-Com
positae and Cruciferae-pollen with three nuclei is the rule. 

A correlation Qetween stigma structure and incompatibility system was sug
gested by HESLOP-HARRISON et aI. (1975). These authors noted that generally 
(but not always) families with sporophytic incompatibility (e.g. Cruciferae and 
Compositae) have papillated dry stigmata (group II), whereas families with game
tophytic incompatibility have either plumose stigmata with elongated receptive 
cells (group I, Gramineae) or 'wet' stigmata (groups III and IV). This correlation 
was concerned with families having either a gametophytic incompatibility system 
or a homomorphic-sporophytic one, but not with those having a heteromorphic 
incompatibility. In many plants belonging to this latter system, heteromorphism 
in respect to the stigmatic surface is notable: the stigmata may be either "papillate" 
or "cob" (almost smooth). Moreover, structural studies by DULBERGER (1975) 
on intermorph differences in the Plumbaginaceae showed that the pistils of 
the two morphs differ in several respects and at least in some distylic species 
(e.g. Limonium meyeri) stigmatic dimorphism is probably involved in the incompa
tibility mechanism. Thus, the A-type pollen, which is produced on plants with 
'cob' stigmata and has a coarse sculpture, readily adheres to 'papillate' stigmata, 
and also to 'cob' stigmata, with which it is incompatible. On the other hand, 
B-type pollen, which is produced on plants with "papillate" stigmata and has 
a fine sculpture, readily adheres to 'cob' stigmata but not to the incompatible 
"papillate" stigmata (Fig. 3.37). 

The pollen-stigma interactions in the homomorphic-sporophytic incompatibi
lity system were clarified by several recent studies (see HESLOP-HARRISON, 1975; 
HESLOP-HARRISON et aI., 1975; and HOWLETT et aI., 1975, for review and 
details). Most of these were made with species of Cruciferae but supporting 
evidence came also from the Compositae. As noted in Chapter 3.1, it was found 
that soon after landing on either the stigma or an appropriate artificial surface, 
the pollen releases sequentially exine- and entine-containing substances. The 
former, proteins or glycoproteins, are released within minutes. When the exine 
exudate comes in contact with an incompatible stigma it causes there an immediate 
callose production. This exudate-induced callose production does not occur 
when its pollen source is compatible with the stigma. This pollen-stigma reaction 
is actually a cell-to-cell interaction: the callose production is restricted to the 
very same papillae which come in contact with the incompatible pollen grain 
(or the artificially applied exudate). As mentioned briefly above, the stigmatic 
surface of Compositae and Cruciferae is 'dry'. It was found to be covered with 
a hydrated overlayer of a proteineous pellicle. This is in contrast to many 
families with a gametophytic incompatibility where a copious fluid was detected 
on the stigmata. This relatively 'dry' surface in families with the sporophytic 
incompatibility may be responsible for the localization of the pollen-stigma 
interaction in the latter system. Production of callose is obviously not the only 
process resulting from the contact between pollen and papillae. Other enzymatic 
processes were detected, among them a cutinase activity which causes an erosion 
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Fig. 3.37 a- c. Structural relations between pollen sculpture and stigma surface in Limonium 
meyeri. (a) Incompatible B pollen grain on a papillate stigma. (b) Compatible A pollen 
grain on papillate stigma. (c) Incompatible A pollen on a cob stigma. Scanning electron 
micrographs (x 1,000) of DULBERGER (1975) Reproduced by permission of The Royal Society 
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of the stigmatic cuticle. Observations in Agrostemma githago (Caryophyllaceae) 
indicated that such an erosion of the papillae, which is a prerequisite for pollen 
tube penetration, is a result of interaction between substances coming from 
the pollen and the papilae's own protein coat. Enzymatic removal of the proteins 
from the papilla prevented the pollen-induced erosion (HESLOP-HARRISON and 
HESLOP-HARRISON, 1975). The involvement ofthe cutinase activity in the compati
bility reaction is nevertheless questionable, since in some cases (e. g. Raphanus) 
it occurs after both compatible and incompatible pollination. The early callose 
deposition may occur also on the protruding pollen tube, and with this deposition 
further germination is prevented. Although the exact mechanism of callose inhibi
tion of pollen germination is not fully understood, it nevertheless is a specific 
phenomenon, restricted to incompatible pollinations in the sporophytic system, 
and can be readily used in this system to screen for the pollen-rejection response. 
Attempts to detect in the pollen, proteins which are specific for the compatibility 
genotype of this pollen's sporophytic parent, were disappointing. On the other 
hand, as we shall see below, serological differences between pollen genotypes 
differing in the S alleles, were detected in the gametophytic incompatibility 
system. Moreover, in contrast with the results with pollen, striking differences 
in the patterns of stigma antigens related to the S allele composition were 
detected in the plants of the sporophytic incompatibility. Whether or not these 
differences in stigmatic antigens represent pellicle-contained proteins which are 
involved in the rejection mechanism is still an open question, but this is a 
rather reasonable assumption. As we shall see below, once the pollen of Cruciferae 
and Compositae cross the stigma incompatibility barriers, it is not further inhibited 
and fertilization readily takes place even between an incompatible pollen and 
style. We may hence conclude our coverage of the pollen-pistil interaction 
in the homomorphic-sporophytic incompatibility system by stating that there 
now exists good evidence in favor of the claim that in this system the sporophytic 
response of the pollen is determined by the relatively late process of investment 
of components from the sporophytic tapetum into the exine of the pollen, rather 
than the response being determinated at a pre-meiotic stage and carried over 
to the gametophyte via its cytoplasm. Obviously one additional argument against 
the latter possibility is the "clearing" of cytoplasm, which was observed in 
the microcysts, and probably involves an 'erasing' of sporophytic information 
(see Chapter 3.1 above). 

It now seems questionable whether a division between 'stigmatic' and 'stylar' 
incompatibility barriers is justified. Probably a more appropriate division will 
be between inhibition at the stigmatic surface and any later inhibition. We detailed 
above the former type of inhibition of incompatible pollen. A "stigmatic" inhibition 
of incompatible pollen occurs in Oenothera organensis, a species with gametophytic 
incompatibility. In this species both compatible and incompatible pollen ger
minate on the 'wet' stigmatic surface and the pollen tubes start to penetrate 
the stigmatic tissue and are then inhibited in their further growth. Nevertheless, 
it was argued that the incompatibility signalling actually started while the tube 
passed the viscous fluid coating the outer stigmatic cells (DICKINSON and LAWSON, 

1975). Thus, the sites of the incompatibility triggering and its expression in the 
form of further tube growth inhibition, may be spatially separated. 
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3.3.2.2 Pollen Tube-Style Interaction 

The differentiation between stigmatic and stylar inhibition of pollen tubes is 
problematic not only for the reasons pointed out above but also because in 
many species these two tissues cannot be separated precisely. Thus, in species 
with a very short style or with a pollen-receptive cell layer without an elaborate 
stigma, such a separation makes little sense. Moreover, in most cases where 
the incompatible pollen tube starts to penetrate the stigmatic tissue, the depth 
of penetration is far from uniform. Technically, it is rather simple to follow 
pollen tube growth in the pistil in either intact flowers (the pistils are then 
removed and analyzed) or by in vitro pollination of isolated flowers or pistils. 
We have therefore a wealth of information on this subject which is outside 
the scope of this book. The biochemical aspects of pollen development and 
pollen tube growth were reviewed comprehensively by MASCARENHAS (1975), 
while the text of STANLEY and LINSKENS (1974) gives additional general coverage 
on pollen biology, including applied aspects. The reviews of LINSKENS and 
KROH (1967), ARASU (1968), DE NETTANCOURT (1972) and HESLOP-HARRISON 
(1975) also deal with incompatibility aspects of pollen/pistil interactions. 

It is noteworthy that many of the environmental effects on pollen tube 
growth in the style as well as the effects of pistil grafts were already observed 
by DARWIN (1877), whose work should still be the first reference for those 
interested in this subject. 

The site of the incompatibility reaction in plants with gametophytic incompati
bility may differ. Thus pollen incompatibility in Oenothera seems to be triggered 
in the stigma, leading to a subsequent retardation of pollen tube growth, while 
in Lilium longiflorum the incompatibility reaction obviously takes part in the 
style. The latter reaction is probably regulated by the transmitting tissue of 
the hollow style which is typical for the Liliaceae and related families. The 
exact nature of this inhibition is still obscure in spite of many biochemical 
approaches to this question for which the long L. longiflorum style is an especially 
favorable object. 

Solanaceous plants have a "solid" style and the common incompatibility 
system in this family is the single, multiallelic S locus gametophytic one. In 
the genera of this family in which the pollen tube-style interaction was mostly 
studied (e. g. Petunia: LINSKENS and associates, Lycopersicon: DE NETTANCOURT 
and associates), the incompatible tube was found to be inhibited in the style. 
Several structural features were found to be correlated with incompatibility; many 
of them indicated a cessation of protein and/or polysacpharide synthesis in the 
incompatible tube. Ultrastructural studies in Lycopersicon peruvianum (DE NET
TANCOURT et al., 1973) indicated that the pollen tube ~all is composed of two 
layers, the inner one of which undergoes degenerative changes in incompatible 
tubes, resulting in bursting of the tip at about one-third down the stylar length. 
These authors concluded that this bursting is an active (but probably premature) 
process, reminiscent ofthe programmed discharge ofthe pollen tube upon penetra
tion in the synergid cell of the embryo sac, and that the incompatibility reaction 
is programmed by the vegetative nucleus of the pollen tube. A somewhat different 
process was observed in interspecific pollinations in which L. peruvianum was 
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involved, although some ofthe features were common to the two types of incompa
tibility. Serological studies (initiated earlier by D. LEWIS) in species with gameto
phytic incompatibility were carried out in H. F. LINSKENs·laboratory, especially 
with Petunia. These studies reaffirmed that pollen with different S genes contain 
different antigens (as noted above, no such differences could be detected in species 
with sporophytic incompatibility). Moreover, styles of different S genotypes also 
contained specific antigens and pollen and styles of the same S genotype contain 
identical antigens. LINSKENS and co-workers also revealed an array of chemical 
compositions and biochemical activities to be related to incompatibility, but 
the exact control mechanism imposed by the genetic information on the incompati
bility reaction in the style is still an unsolved question. 

3.3.2.3 Pollen Tube-Ovule Interaction 

This heading is listed only in order to mention that in some notable cases 
the incompatibility reaction is delayed until the pollen tube enters the ovule 
(e.g. Theobroma cacao, Narcissus). The mechanism of this type of interaction 
is still quite obscure. The possibility cannot be ruled out that even in such 
cases the pollen tube is triggered in respect to compatibility at an early stage 
but this triggering is manifested much later. 

3.3.3 Incompatibility, Crop Production, and Breeding 

In crops harvested for their vegetative biomass (e.g. sweet potatoes), especially 
if propagated vegetatively, as well as in ornamental plants (e.g. Bougainvillea), in
compatibility may be advantageous or oflittle practical significance. On the other 
hand, in quite a number of crops, especially vegetatively propagated fruit trees 
(e. g. cherries), incompatibility complicates horticultural practice because the intra
clonal incompatibility requires the addition of pollinators and renders the yield 
dependent on abundant pollen transfer among the trees. Incompatibility is also 
a disadvantage in the breeding procedure of many crops, when either a free 
intercross in a plant population or inbreeding is required. Conversely, incompatibi
lity is of great practical importance for hybrid seed production in a number 
of cultivated plants. The plant breeder may therefore be interested either to 
eliminate incompatibility (permanently or temporarily), or to introduce incompati
bility into a cultivar. The breeder may also be interested in ways and means 
of utilizing incompatibility for hybrid seed production. From the above considera
tions we can itemize the main possible objectives with which the agronomist, 
the horticulturist and the plant breeder, confronted with incompatibility, may 
be concerned. 

1. Introduction of incompatibility into cultivars or breeding lines from either 
other lines or wild relatives. 

2. Permanent elimination of incompatibility by genetic means. 
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3. Regulating, by either genetic or physiological means, the strength of incom
patibility, thus enabling in a given line self-pollination, when required, but prevent
ing it in other cases. 

4. Development of breeding procedures which will enable the utilization 
of incompatibility for hybrid seed production. 

Obviously, prior to changing the incompatibility reaction or utilizing it, 
the incompatibility system of the cultivar in question should be known. Although 
in numerous cultivated species the genetics of incompatibility was studied, the 
last survey was published several years ago (ROWLANDS, 1964). On the other 
hand, within a given family there is usually only one type of homomorphic-inc om
patibility system which is known for many of the economically important families 
(see previous sections of this chapter and ROWLANDS, 1964). The details of 
the inheritance of incompatibility and identification of the genotypes of the 
breeding lines will then have to be determined by test crossings, as outlined 
in Section 3.3.1 above. Several auxillary techniques were suggested to assist 
in this task. Among these are: serological characterization of the pollen and 
the pistil (LINSKENS, 1960); determination of the isozyme patterns of the somatic 
tissue and the pollen (BREDEMEIJER and BLAAS, 1975; NASRALLAH et aI., 1970); 
utilization of marker genes linked to specific S genes (DE NETTANCOURT, 1972); 
in vitro pollination of isolated pistils (DEVREUX et aI., 1975); and fluorescence 
microscopy of pollinated pistils. The references presented above in parentheses 
are by no means the only ones and further information on such methods can 
be obtained from DIXON (1968), DE NETTANCOURT (1972), HESLOP-HARRISON 
(1975), and STANLEY and LINSKENS (1974). 

There are only a few general reviews on the impact of incompatibility on 
crop production and plant breeding (e.g. LEWIS, 1956; REIMANN-PHILIP, 1965; 
LUNDQVIST, 1968; DENNA, 1971; DE NETTANCOURT, 1972), most of which 
handle the subject mainly by considering basic concepts rather than by giving 
applicable suggestions. For more specific and up-to-date information, the reader 
is referred to the Incompatibility Newsletters (Assoc. Euratom, Wageningen). 

3.3.3.1 Transfer of Incompatibility into Cultivars 

As outlined above, the plant breeder may be interested in introducing incompatibi
lity into cultivars, breeding lines or specific clones. In other cases he may want 
to strengthen an existing weak incompatibility. Cultivars which lack incompatibi
lity may belong to a species in which other cultivars have strong incompatibility 
(e.g. Brassica oieracea, Chrysanthemum morifolium). In other cases, incompatibility 
exists in wild relatives or other cultivated and related species. Transfer of incompa
tibility may hence be achieved by the appropriate intra- or interspecific crosses. 
The lack of compatibility was in several cases reported to be controlled by 
specific fertility genes which are epistatic over the incompatibility ones. This 
transfer was actually achieved in Petunia by MATHER and in tomato by MARTIN 
(see DE NETTANCOURT, 1972, for references). Incompatibility can thus be trans
ferred into a specific line by an appropriate breeding procedure. Transfer of 
incompatibility was also considered by DENNA (1971) for lettuce (Lactuca) and 
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beans (Phaseolus). We shall see in more detail below how the transfer ofincompa
tibility is executed in Brassica, where hybrid seed production, based on incompati
bility, is a well-advanced commercial practice. Such transfers are not devoid 
of pitfalls and difficulties. Hence, transfer of incompatibility from an allogamous 
species (e.g. L. peruvianum) into an autogamous one (e.g. L. esculentum) may 
be useless unless entomophily is also assured. The breeder should therefore 
be concerned also with floral characters which make the new incompatible 
line attractive for pollen vectors. The cross between a cultivar and its incompatible 
wild relative may involve several complications. Unilateral incompatibility is 
encountered in Lycopersicon, where L. esculentum pollen tubes are inhibited 
in L. peruvianum styles. This unilateral incompatibility is probably controlled 
by genes which are unrelated to intraspecific incompatibility. This subject was 
discussed in detail for Lycopersicon and other genera by HOGENBOOM (1972, 
and previous publications). The breeder faced with interspecific transfer of incom
patibility will therefore have to account also for incongruity. 

An interesting possibility for acquiring incompatibility is "haploidization" 
of cultivated tetraploids. Incompatible dihaploids were obtained from tetraploid 
potato varieties (HERMENSEN, 1973) and such a procedure may yield similar 
results in other species belonging to families with the one S locus gametophytic 
incompatibility. 

3.3.3.2 Permanent Elimination of Incompatibility 

There are three main ways to eliminate incompatibility from a breeding line: 
1. doubling the chromosome number; 
2. induction of compatible mutations; 
3. transfer of compatibility into an incompatible line. 
We mentioned above that doubling the chromosome number (e.g. by colchicine 

treatment) in many species with the one S locus gametophytic incompatibility 
system interferes with the incompatibility reaction of the pollen. Tetraploids 
of several genera such as Trifolium, Nicotiana, Prunus and Petunia showed this 
loss of incompatibility. It can therefore be assumed that polyploidization of 
incompatible cultivars belonging to families such as Leguminosae, Rosaceae 
and Solanaceae will lead in most cases to a loss of incompatibility. Permanent 
loss of incompatibility was achieved in several species with gametophytic incompa
tibility. Work on this subject was started by D. LEWIS and reviewed quite 
extensively by DE NETTANCOURT (1969). It is noteworthy that there exist varia
tions in response to X-ray radiation. In some plants mutations leading to loss of 
incompatibility in both the pollen and the pistil \vere detected (T/oifolium repens), 
while in other genera (Petunia, Oenothera) loss of incompatibility was restricted 
to the pollen. Moreover, there seems to be a different radiosensitivity of the 
different S alleles. The usual practice is to irradiate the floral buds at the stage 
of pollen mother cells in the anthers. Because the common screening procedure 
for the detection of new S alleles is to apply the pollen from irradiated floral 
buds to styles with known genotypes-mutations with defective pollen incompati
bility were usually isolated. 
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LEWIS' studies indicated that the frequency of spontaneous S 1 --+ Sf mutation 
in Oenothera was at the rate of 10- 8 genes and that X-rays produced 1.6 x 10- 8 

mutations per one r unit. The induction of mutation by X-rays resulted in cherries 
in several mutations, all of which were stable. When a S12 tree produces mutated 
pollen and this is utilized for self pollination, Slf and/or Sj2 seedlings will 
result. It is obviously then better to make the cross: 

S12 X Slj--+Slf and Sj2 (all compatible) 

than the cross: 

S13 X Sj2--+S12,S23,Slf and S3f (two out of four compatible). 

From theoretical considerations the screening of 'fertile' mutations in plants 
having the sporophytic incompatibility system should be complicated. When 
we take a case of S12 and the mutagenized pollen will be tested on Sl1 pistils, 
we should be able to differentiate between two possibilities: (1) if the sporophytic 
incompatibility is carried from the premeiotic stage in the cytoplasm, irradiating 
the flower bud at the stage of the early differentiation of the sporogenic tissue 
should result in individual mutated pollen grains; (2) if the incompatibility 
reaction is invested into the pollen by the tapetum, there would be very little 
chance of isolating such mutants. 

The isolation of lines with a stable loss of incompatibility may be hampered 
by the occurrence of temporary compatibility and pseudo-compatibility. Thus, 
the selection of such lines is not a one-step process. 

The degree of incompatibility within cultivars of the same species as well 
as among populations of wild species may vary considerably. This difference 
in the "strength" of compatibility may be the result of variation in the activity 
of the S alleles themselves, as was found among cultivars of Brassica oleracea, 
or a result of interference of (poly-) genes which in some cases may be epistatic 
over the S genes (e.g. Abutilon, Petunia). Actually, in most systems studied thor
oughly, genes which interfere with strict incompatibility were found, but the 
heritability and the type of genetic control (e.g. epistatic, recessive, dominant 
or independent) do not seem to have a general trend and should be worked 
out for each specific case. Nevertheless, these genes can be transferred by appro
priate crossing into incompatible lines. Obviously, if the breeder is interested 
in eliminating incompatibility of a cultivar in order to facilitate the isolation 
of pure lines, he will not be concerned with maintenance of incompatibility 
in his breeding material. On the other hand, if incompatibility is utilized for 
hybrid seed production (to be handled below) and seeds are the commercial 
yield of the F 1 hybrid, the breeder will be interested in having a 'fertility' 
restorer in one of his parental lines; this will make the F 1 less dependent 
on cross fertilization. The details involved in such fertility restoration and transfer 
of compatibility in the course of breeding procedures leading to successful hybrid 
varieties are unfortunately only rarely documented, due, probably, to commercial 
interests. We have therefore little information on this latter problem. RONALD 

and ASCHER (1975a) described the transfer of compatibility from garden clones 
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of Chrysanthemum morifolium into incompatible greenhouse cultivars. From their 
results it appears that compatibility was dominant but maintained in a heterozy
gous state in the compatible garden clone. An appropriate breeding scheme 
could then serve two purposes: to facilitate the breeding of improved greenhouse 
Chrysanthemum cultivars and to establish lines to serve F 1 hybrid seed production. 
Similar procedures seem to be applicable in other ornamentals of the Compositae. 

3.3.3.3 Surmounting the Incompatibility Barrier 

Numerous methods were applied successfully to eliminate the incompatibility 
barrier and hence enable the obtention of seed from self- and cross-incompatible 
combinations. Most of these were reviewed by DE NETTANCOURT (1972) and 
LINSKENS and KROH (1967), and thus we shall only summarize them here. 

3.3.3.3.1 Treatment of Pollen 

Acute irradiation of pollen mother cells caused in several solanaceous species 
a temporary 'mutation'. Many of the resulting pollen grains were able to attain 
self-fertilization and among the progeny plants with either homozygous or hetero
zygous S alleles were obtained. Normal incompatibility recurred in this progeny. 
Other treatments of pollen, such as aging, did not result in surmounting the 
incompatibility barrier. 

3.3.3.3.2 Bud Pollination 

This is by far the most applicable method to overcome incompatibility. It can 
be utilized in species with either gametophytic or sporophytic incompatibility. 
It is usually performed by applying mature pollen to pistils a few days before 
anthesis. Methods used on a large scale and apparently very successful were 
described in detail by HARUTA (1966) for Brassica and Raphanus. In some species 
it was found that the application of ripe stigmatic fluid on the immature stigma 
further improved the results of bud pollination. 

3.3.3.3.3 Delayed Pollination 

The applicability of this method is controversial and there are conflicting reports 
on success even in the same species (e.g. Brassica oleracea). In some species 
incompatibility is significantly reduced at the end of the growth season or in 
very mature plants. 

3.3.3.3.4 Heat Treatment 

The exposure of pistils to temperatures of up to 60°C eliminated the compatibility 
barrier in several genera (e.g. Oenothera, Trifolium, Lycopersicon). In several 
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Brassica crops, culture in relatively high temperature was found to break down 
the incompatibility, especially of 'weak' incompatibility S alleles. 

3.3.3.3.5 Surgical Techniques 

The application of pollen to the cut surface of the style after removal of the 
stigma (e.g. Brassica), or the introduction of pollen into the ovarian cavity 
(Petunia), can result in successful self-pollination in plants with strong incompati
bility. In Petunia a direct application of incompatible pollen to the placenta 
of in vitro-cultured pistils resulted in fertile seeds. 

3.3.3.3.6 Double Fertilization 

In several cases incompatible pollen achieved fertilization when applied a few 
hours after compatible pollen or when the two types of pollen were mixed. 

3.3.3.3.7 Other Methods 

Numerous other methods were suggested to surmount the incompatibility barrier, 
e.g.: treating flowers with carbon monoxide, injecting into the style substances 
which reduce the immune response in animals, applying an electrical potential 
difference (100 V) between stigma and pollen, treatment of the pistil with plant 
hormones or with protein inhibitors and steel brush pollination. The applicability 
of the above-mentioned methods for large-scale breeding purpose, i.e., main
tenance by inbreeding of prospective parental lines for hybrid seed production, 
is obviously of prime importance for the plant breeder. Thus, methods which 
involve complicated surgical techniques or in vitro culture, as well as mixed 
pollination, may be applicable in physiological or genetic studies but are not 
recommended for breeding practice. Ideally, the most favorable technique for 
the breeder would be to propagate the parental lines by mass culture in isolation 
under thermal conditions which will enable self- and sib-fertilization of plants 
having the same S alleles genotype. Commercial hybrid seed production should 
then be done under different thermal conditions, which will assure strict incompati
bility. Unfortunately, this goal can be achieved in very rare cases only, since 
there seems to be a strong positive correlation between the breakdown of incompa
tibility of an S allele at high temperature and the general incompatibility weakness 
of this allele. Thus, in Brassica the S alleles which are high in the dominance 
hierarchy and show strict incompatibility are very slightly (if at all) sensitive 
to thermal conditions, while those alleles which are lowest in the dominance 
hierarchy and are considered to induce only pseudo-incompatibility lose their 
incompatibility activity at high temperatures. Nevertheless, appropriate breeding 
and selection may overcome this undesirable correlation (RONALD and ASCHER, 
1975b). 
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3.3.3.4 Hybrid Seed Production 

Although the potential utilization of incompatibility was noted in the western 
literature during the first half of this century, its practical application was still 
questioned up to 20 years ago (LEWIS, 1956). In the West the first commercial 
hybrid based on incompatibility was probably the marrow-stem kale double 
cross hybrid Maris Kestrel, bred at the Plant Breeding Institute near Cambridge, 
U. K. (THOMPSON, 1959). Two Brussels sprouts hybrids followed in 1966; these 
were Avoncross and Thor, bred in England and The Netherlands, respectively. 
Breeding of commercial hybrids based on incompatibility started much earlier 
in Japan. It is difficult to trace the beginning of this breeding but soon after 
the second World War such hybrids were available from commercial companies 
(e.g. WATANABA, Sendai, and TAKII, Kyoto). These included several vegetable 
crops of the Cruciferae. As we shall see, hybrid production based on incompatibi
lity, even when based on the most efficient and sophisticated methods, involves 
considerable labor. The commercial feasibility, in general terms, of an F 1 hybrid, 
can be considered by the following formulae: 

(CHS-CCS)~(VHC-VCC) 

CCS 
VCC ~() 

(1) 

(2) 

In these formulae all values are per unit area, and CHS = cost of hybrid seed, 
CCS=cost of conventional seed, VHC=value of hybrid crop, VCC=value of 
conventional crop. Thus, Eq. (1) states that the difference in cash value between 
a hybrid and conventional crop should be much higher than the difference 
between the costs of hybrid and conventional seed. Eq. (2) states that the ratio 
of seed cost to crop value should be as small as possible. From these considerations 
it is clear that the attractiveness of hybrid seed production increases with the 
crop value and decreases with the proportion of investment in seed relative 
to the gross income, as well as with the difference in cost between hybrid 
seed and conventional varieties. Without going into further details, these general 
considerations are not specific to hybrid seed production based on incompatibility. 
They can be applied also to hybrids based on sex expression and male sterility 
and should be considered in respect to any specific crop. Still, it should be 
noted that hybrid varieties have an additional attractiveness to the breeder. They 
assure his breeders' rights and consequently usually increase his willingness 
to invest long-range breeding efforts. 

3.3.3.4.1 Characteristics of the Gametophytic and Sporophytic 
Incompatibility Systems which are Related to Hybrid Seed Production 

Economically important crops bearing the one S locus gametophytic incompatibi
lity system belong mostly to the families Rosaceae, Leguminosae, and Solanaceae. 
Of these, crops belonging to the Rosaceae include mostly vegetatively propagated 
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perennials, in which F 1 hybrids in the usual sense are not applicable. The 
utilization of incompatibility for hybrid seed production in cultivated Solanaceae 
species is hampered by the fact that this allogamic mechanism is restricted 
almost exclusively to wild species. As noted above, incompatibility could, in 
several cases, be transferred to cultivars, but this involves difficult and long-range 
breeding work. The applicability of this incompatibility system was thus restricted 
to legumes, and among the latter actual F 1 hybrids were produced probably 
only in clover (Trifolium) (ANDERSON et aI., 1972). The complex genetic control 
of the multiple S loci gametophytic incompatibility did not seem attractive 
to breeders concerned with F 1 hybrid seed production in cultivated Gramineae 
species, even though the potentiality of its utilization for hybrid seed production 
was suggested (ENGLAND, 1974). 

Compositae and Cruciferae are the two economically important families 
having the homomorphic-sporophytic incompatibility. While incompatibility is 
known in several ornamental cultivars and wild species of the Composite, most 
cultivars of this family are self-compatible (see Table 1.5). Thus, as with Solanaceae, 
before incompatibility can be applied for hybrid seed production (e.g. in lettuce), 
it has to be transferred to the cultivars from incompatible wild relatives. Hence, 
in practice, there probably do not yet exist commercial hybrids of this kind. 
Contrary to the Compositae, in the Cruciferae many cultivars, especially of 
the genera Brassica and Raphanus, contain incompatibility and though the strength 
of this incompatibility varies and is in many cases not strong enough to be 
applicable for hybrid seed production, intra- and even interspecific hybridization 
is achieved with relatively little difficulty. Thus, species of these two genera 
are the main target of breeders trying to utilize incompatibility for commercial 
hybrid seed production, and considerable success has been achieved. 

3.3.3.4.2 Hybrid Seed Production in Brassica and Raphanus 

These two genera are typical representatives of the plants having the sporophytic 
incompatibility system. Thus, as mentioned above, the activity of the S alleles 
in the pollen as well as in the stigma can attain various relationships: independent, 
dominant or recessive. Moreover, the dominance hierarchy is quite complicated 
as exemplified for Brassica oleracea in Fig. 3.36. HARUTA (1966) studied the 
S allele relationships in several Brassica and Raphanus cultivars; his findings 
are summarized in Table 3.26. HARUTA'S findings should not be construed 
to mean that these are the only existing relationships in the cultivated species 
studied by him. Actually, although his tests involved thousands of selfings and 
crosses, the starting material in each crop was restricted to only a few cultivars 
and the total number of S alleles tested in each cultivar was small. Still, Table 
3.26 shows clearly that within one crop there may be more than one type 
of incompatibility relationship. Thus, an actual collection of S alleles and the 
determination of their relationship is a project to be carried out separately 
for each crop before a reliable scheme for hybrid seed production can be worked 
out. 
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Eliminating the details which should be taken into account with each of 
the Brassica and Raphanus crops, we shall now consider the main methods 
of hybrid seed production based on incompatibility. 

1. Single Cross. This method is conceptually the simplest one. Two cross-com
patible lines, each of them highly self-incompatible, are needed. The lines A 
(S 11) and B (Sn) are each propagated (e.g. by bud pollination or open pollination 
at elevated temperature), first by selfing and then by sib-pollination, in isolation. 
In the hybrid seed production field these lines are planted together to cross-pol
linate each other. The hybrid seed is harvested from both parents. The scheme 
of the method will thus be: 

line A: Sl1 line B: S22 
I I 

I I 
I I 
I I 

t t 
Sl1 X S22 

commercial hybrid: (A~B) 

Such hybrids are the most uniform ones but usually the production cost 
of the parental lines is prohibitive. 

A slight variant of this method is the utilization of a B line with S alleles 
lacking incompatibility. The final cross will then be Sl1 x Sf!. The advantage 
is then that only one incompatible parental line has to be maintained, and 
the disadvantage, that only the seed harvested from the Sl1 parental line is 
hybrid. 

The single-cross method is favored only when crop uniformity is of prime 
importance and the value of hybrid seed is high enough to cover the expenses 
of parental lines production. 

2. Double Cross. This method was utilized by THOMPSON (1959) for the 
production of Maris Kestrel-a marrow-stem kale hybrid-and later used with 
other cruciferous crops. It is based on the maintenance of four homozygous 
lines according to the scheme: 

line A: Sl1 
I 
I 
I 
I 
I 

t 
Sl1 

commercial hybrid 

line B: 

x 

S22 line C: 
I 
I 
I 
I 
I 

t 
S22 

x 

t 
{(A x B) x (C x D)} 

S33 
I 
I 
I 
I 
I 
t 
S33 x 

line 0: S44 
I 
I 
I 
I 
I 

t 
S44 
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The great advantage of this method is the relatively inexpensive A x Band 
C x D parents needed for the final hybrid seed production. This method requires 
obviously more preparatory breeding work, both in respect to isolation of four 
self-incompatible lines and testings for combining ability. An additional disadvan
tage is the much less uniform character of the final hybrid, as compared with 
the single cross. Finally, in many cases the yield of double-cross hybrids is 
lower than that of single-cross hybrids. In order to combine the lower production 
cost of double crosses with the uniformity of single crosses, a method of utilizing 
isogenic lines can be used (NIEWHOF, 1968). According to this method, rather 
than using different A and B lines, different S alleles are bred into one line 
to give two isogenic A lines (A'=Sll; A"=S22); and .similarly, instead of C 
and D, two isogenic B lines are produced. Such isogenic lines can be produced 
by starting with one plant which is heterozygous in respect to the S alleles. 
These alleles should both be as high as possible in the dominance hierarchy 
(e.g. S2428). The plant is propagated by several generations of self-pollination, 
keeping only the S heterozygotes for further selfing until a uniform progeny 
is obtained, and among these only two S homozygotes are kept further as 
isogenic (A' = S24 24; A" = S28 28) lines. The above is a highly schematic description 
of the breeding procedure. Incompatibility is obviously not the only concern 
of the breeder. Many other characters (yield, quality of the crop, resistance 
to diseases and pests, etc.) have to be taken in account. Thus, in practice, 
the production of parental lines for a prospective double-cross hybrid is a rather 
complicated procedure. 

3. Triple Cross. In order further to reduce the cost of producing inbred 
parental lines, which involves expensive steps of bud pollination (or any other 
technique to assure self- or sib-pollination), THOMPSON (1964) suggested the 
"triple-cross" method: 

Inbred 
lines: Sll S22 S33 S44 S55 S66 

I I I I I 1 

I I I I I I 
I I I I I I 

Single ~ ~ I ~ ~ I 
crosses: Sll x S22 1 S44 X S55 ~ 
Three-way -~ --~--

crosses: S12 x S33 S4S X S66 
~ ~ 

Final cross: S13, SZ3 x S46, SS6 
~ 

Commercial "triple-cross" hybrid seed 

Such a method obviously reduces the cost of the final hybrid seed but 
has also obvious drawbacks. First, the final hybrid is far from uniform. It 
may be regarded almost as a synthetic variety. This is of no great concern 
if one is dealing with a forage crop, provided that there is still a substantial 
yield increase relative to conventional varieties. The need to 'build' six different 
parental lines which will include the appropriate S alleles so that the self-incompa-
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tibility will be strong enough in the single-cross and double-cross progenies, 
may be problematic. Finally, this method requires long-range preparation with 
very little breeding flexibility after the original six lines have been determined. 

Several modifications of this, as well as of the previous method, were suggested 
(see GOWERS, 1975). Thus, Sf alleles can replace some of the incompatibility 
alleles in order to save part of the inbreeding, as mentioned above in dealing 
with the single-cross method. Another modification is to incorporate the isogenic
lines concept into the triple-cross technique. Finally, due to recent success in 
androgenesis in Brassica (see Table 3.1), the obtainment of homozygous S lines 
may be facilitated. 

We have mentioned repeatedly the cost of the final hybrid in respect to 
expenses involved in propagation of homozygous lines. This can be made clearer 
by considering the seed-multiplication rates of self- or sib-pollinating a homozygous 
line vs cross-pollination. Obviously, different lines and different crops vary in 
this respect but whereas in self- and sib-pollination the seed-multiplication rate is 
usually between one and two orders of magnitude (e.g. from 10 mg to between 
100 mg and 1 g), this rate for cross pollination is between three and four 
orders of magnitude (e.g. from 1 g to between 1 and 10 kg). This means that 
the difference between these two propagation methods can be estimated as two 
orders of magnitude. For each actual crop such calculations can be helpful 
in considering the method of hybrid seed production which should be adapted. 

3.3.3.4.3 Problems in Breeding Aimed at Hybrid Seed Production 

Hybrid seed production based on incompatibility is involved in several problems. 
The most important of these will be itemized in the following. 

1. New Incompatibility Specificities. It was found in several species having 
the gametophytic incompatibility system (e.g. Trifolium pratense, L. peruvianum) 
that continuous inbreeding results in the appearance of new incompatibilities, 
thus causing self-compatibility. Plants with such new mutated specificities will 
therefore not serve the purpose of parents for hybrid seed. 

2. Depression by Continuous Inbreeding. Such degeneration is well known 
among allogamous species and can lead in many Brassica crops to a complete 
loss of inbred lines. As there seems to be a variability in the degree of inbreeding 
depression, the breeder may overcome this problem by proper selection or by 
exchanging self- or sib-pollination by vegetative propagation. 

3. Pseudo-Compatibility. The degree of incompatibility is very much dependent 
on the S alleles genotype as well as on additional, ill-defined genes. The breeder 
thus has to select his parental lines accordingly, incorporating into them the 
strongest available S alleles, but keeping in mind the propagation of homozygous 
lines. 

4. Reduction of Incompatibility by Environmental Conditions. It was mentioned 
above that elevated temperatures may reduce incompatibility or even break 
it down. High humidity was also reported to reduce incompatibility. Thus, 
hybrid seed production under unfavorable conditions may result in a high propor
tion of 'sib' seed (30% or higher). Such seed is of no commercial value. On 
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the other hand, high temperature and high humidity are proper conditions 
for propagation of parental lines. The climatic conditions should thus be consi
dered in the various steps of hybrid seed production. 

5. Restriction of Pollination within Parental Lines. In Brussels sprouts hybrid 
seed production fields; it was found that bees were not visiting the plants at 
random. Each bee preferred to stay within one parental line. This preference 
was stronger when the two parental lines differed morphologically. The result 
was more sib-pollination and less cross-pollination, which led to an unacceptably 
high percentage of , sib' seeds in the commercial hybrid. Increasing the morphologi
cal similarity between parental lines and using other pollen vectors (e.g. flies) 
may overcome this problem. 

In conclusion, it should be noted that in spite of the problems mentioned 
above, sporophytic incompatibility can be successfully applied for commercial 
hybrid seed production. There is probably no better proof of that than the 
availability of uniform and high-yielding varieties of many cruciferous crops, 
e.g. from Japanese seed companies. 

3.4 Male Sterility 

We have discussed the situation in which viable pollen is incapable of effecting 
self-pollination through the genetic mechanism of self incompatibility. A situation 
in which viable pollen is unable to reach own and foreign stigmata exists in 
positional (or functional) male sterile mutants. Male sterility proper is defined 
as the deviant condition in normally bisexual plants (monoecious or hermaphro
dite) when no viable pollen is formed. 

3.4.1 Gynodioecy: Male Sterility in Natural and Artificial Populations 

The phenomenon of male sterility in bisexual flowering plants was reported 
as early as the middle of the 18th century by KOLREUTER (1763), who differentiated 
correctly between anther abortion within a species and what he called "male 
contabescens", an abortion resulting from species hybridization. Gynodioecious 
species feature hermaphrodite and 'female' (male sterile) individuals in one and 
the same population. Stable proportions offemales regulate the degree of outbreed
ing and, in contrast to conditions in dioecious (and androdioecious species, 
seed fertility is retained on all plants, thus providihg a high reproduction potential 
(LEWIS, 1942). From 2 to 50 % or more male· steriles have been reported in 
gynodioecious populations which tend to stay stable in particular habitats. 

3.4.1.1 Male Sterility as an Outbreeding Mechanism in Gynodioecious Species 

The first to carry out genetic analysis of male sterility were CORRENS (1904) 
and BATESON et al. (1908), the former showing gynodioecy to be governed 
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by the maternal cytoplasm, the latter by a recessive monofactorial male sterility 
gene. The equilibrium proportions of female individuals in the gynodioecious 
population may be achieved through a gene balance system (genic male sterility) 
adjusted by relative seed fertility of the male sterile individuals, heterozygote 
advantage, high mutation rate towards male sterility alleles, and lethality of 
homozygotes. If gynodioecy is governed by genome-plasmon interaction (gene
cytoplasmic male sterility) and the reproductive potential of the plasmatypes 
is equal, the proportion of the two plasmatypes in a population will achieve 
a stable equilibrium of females and hermaphrodites. 

Gynodioecy as an outbreeding system has often been considered as a transit
ional condition in the evolution from bisexuality to dioecy (DARWIN, 1877; 
CARLQUIST, 1966; Ross, 1970). The very occurrence of hermaphrodites in small 
quantities in otherwise dioecious populations (e.g. in carob, Ceratonia siliqua; 
poplar, Populus alba) also suggests such a notion. When pollen production 
and transference are more than sufficient and increased hybridity becomes advan
tageous, there is nothing preventing the hermaphrodite from becoming progressi
vely female sterile. At the most, when the advantage of seed fertility in all 
plants of the gynodioecious population is fully offset by heterozygote advantage, 
the population may become dioecious, i.e., the hermaphrodite becomes male 
(see VALDERYON, 1972). 

Inferior seed fertility of the hermaphrodites in a gynodioecious population 
has been reported repeatedly since DARWIN'S initial observation in 1877 (e.g. 
in majoram, Origanum vulgare: LEWIS and CROWE, 1956; in sage, Salvia nemorosa: 
LINNERT, 1958). Greater seed fertility of the male steriles in gynodioecious 
populations is considered to contribute to the maintenance of an equilibrium 
proportion of genic male steriles (JAIN, 1968) but is not necessary for cytoplasmic 
male steriles (LEWIS, 1941). If the reproductive output of male steriles and her
maphrodites were equal in a gene balance system, the former would contribute 
a frequency-dependent fraction of nuclear genes to the next generation (see 
Section 2.1.3). In a population with equal numbers of male steriles and hermaphro
dites, each hermaphrodite contributes three times as many genes as each male 
sterile, since it supplies its own pollen and egg nuclei and also pollen that 
fertilizes the male sterile (LEWIS and CROWE, 1956). However, in a population 
including only 1 % of male steriles, anyone hermaphrodite contributes only 
about two times as many genes as one male sterile. The increase in the relative 
seed fertility required to maintain an equilibrium in the gynodioecious population 
appears to be independent of the number of genes controlling male sterility. 
Figure 3.38 gives the relation between the relative seed fertility and equilibrium 
proportions of the male steriles in gynodioecious populations (Ross and SHAW, 
1971) and shows that male steriles would be lost from the population unless 
they were at least twice as seed-fertile as the hermaphrodites. 

Contrary to maintenance of male steriles by differential seed fertility, the 
maintenance of low frequencies of male steriles by heterosis appears to be con
trolled by the mode of inheritance (Fig. 3.39; Ho and Ross, 1973). Heterozygote 
advantage cannot account for the higher than 30 % proportion often found 
in gynodioecious populations based on genic male sterility. Partial or complete 
lethality of some homozygotes (LINNERT, 1958; JAIN, 1968; LEWIS and CROWE, 
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Fig. 3.38. Relationship between relative female fertility of male steriles (W) and their equili
brium proportions (P) (after Ross and SHAW, 1971) 
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Fig. 3.39. Effect of heterozygote advantage on proportions of male steriles under four 
modes of inheritance of male sterility. Continuous lines: epistatic broken lines: non epistatic 
fitness interactions. C: complementary genes, MR: monogenic recessive, RS: recessive suppres
sor, D: duplicate genes (after Ho and Ross, 1973) 

1956), as well as high mutation rate, may add to differential seed set and heterozy
gote advantage for maintaining high proportions of genic male steriles. 

The combination of self incompatibility and gynodioecy found in rib grass 
(Plantago lanceolata), sea pink (Ameria maritima) and sea lavender (Limonium 
vulgare) indicates that enforced outcrossing of male steriles in these gynodioecious 
populations may represent secondary outbreeding systems (Ross, 1967; BAKER, 

1966). Although selfings may be prevented with self incompatibility as with 
male sterility, each mechanism regulates sib- and outcrossing in different ways 
such that crosses possible with one system are sometimes prevented by the 
presence of the other system. JAIN (1968) suggested that the very combination 
of self sterility and gynodioecy may be a means for the gradual evolution of 
self compatibility from self incompatibility. 
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Equilibria of more than 0.5 male steriles in gynodioecious populations may 
be maintained under cytoplasmic inheritance of male sterility. In savory (Satureia 
hortensis), thistle (Cirsium oleraceum), columbine (Aquilegia vulgaris) and Plan
tago ovata, female plasmatypes have been found to yield female progeny only, 
and hermaphrodites, hermaphrodite progeny only (CORRENS, 1916; 1928; KAP
PERT, 1944; PALIWAL and HYDE, 1959). Superimposed upon plasmatype variation, 
a gene balance system may serve as a sensitive adaptation to changes in hybridity 
optima. A collaboration of nuclear genes and cytoplasmic condition can adjust 
equilibrium proportions of females by shifts in gene frequencies (DARLINGTON, 
1958), as illustrated by the gynodioecious thyme (Thymus vulgaris). Females 
pollinated by different hermaphrodite genotypes may produce either all female 
or a majority of female progeny, whereas hermaphrodites selfed or sib-crossed 
yield either all hermaphrodite or a majority of hermaphrodite progeny. Such 
crossing results, and equilibrium proportions of females in populations ranging 
between 60 and 70 %, can be explained by high frequency presence of a recessive 
"plasmon sensitive" allele, f, and high-frequency presence (80%) of a "sterile" 
plasmatype (S), (see VALDEYRON et aI., 1970). A similar situation based on dominant 
"plasmon sensitive" alleles may be present in orchard grass, Dactylis glomerata 
(MYERS, 1946). 

3.4.1.2 Nuclear Male Sterility Genes in Cultivars 

Gynodioecy in inbreeding cultivars is an outcome of mutation and survival 
of androsterility alleles in the population. Genic male sterile mutants appear 
to occur regularly in self-pollinated cultivars. Possible models for the origin 
of genic male sterility and its maintenance in populations are given in Fig. 
3.40. On the average one monogenic recessive male sterile mutant can be found 
in a population of about 20,000 plants oflima beans (ALLARD, 1953) and tomatoes 
(RICK, 1945a). The elimination of recessive androsterility mutants from the cultivar 
population depends on the degree of outcrossing prevailing, but even with little 
outcrossing, elimination is quite slow. This is in contrast to mutations affecting 
female gametes and to dominant androsterility mutants which are promptly 
removed from the population. As a matter of fact, the overwhelming majority 
of the more than 100 cases of Mendelian male sterility detected and analyzed 
in cultivated plants show monofactorial recessive inheritance. Furthermore, many 
non-allelic male sterility genes may be found within the same self-fertilizing 
species. More than 30 non-allelic recessive male sterility mutants have been 
found in the tomato (CLAYBERG et aI., 1966), more than 20 in barley (HOCKETT 
and ESLICK, 1971), six in sorghum (DOGGETT, 1970), and a few in rice (CHANDRA
RATHNA, 1964), cotton (WEAVER, 1968; KOHEL and RICHMOND, 1968), sweet 
pea (BATESON et aI., 1908; PUNNETT, 1932), pea (GOTTSCHALK and JAHN, 
1964), soybean (BRIM and YOUNG, 1971), tobacco (BHAT and KRISHNAMOORTHI, 
1956), pepper (SHIFRISS, 1973; DASKALOFF, 1973), eggplant (JASMIN, 1954), and 
lettuce (LINDQUIST, 1966; RYDER, 1967). 

Recessive male sterility alleles may also be detected in cross-fertilized cultivars 
upon artificial inbreeding or subdivision into small populations. Splitting up 
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Modell. Mutation with overdominance for reproductive fitness 
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I 
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reproductive fitness due to 
heterozygosity) 

1/4 ms ms 

r 
Male sterile, adaptively favored 
by "hybridity optimum" (higher 
reproductive fitness than 
Ms Ms because all progeny are 
heterozygotes) 

Model 2. Epistatic interaction of 2 loci 

Parental populations: rf rf Ms Ms X RfRfms ms 

Homozygotes 
1/16 Rf Rf Ms Ms 
1/16 rf rf Ms Ms 
1/16 Rf Rf ms ms 
1/16 rf rf ms ms 
(male sterile) 

1 
RfrfMsms 

1 
Heterozygotes 
4/16 rf Rf Ms ms <---

2/16 rf rf Ms ms 
2/16 RfRfMs ms 
2/16 rf RfMs Ms 
2/16 rf Rfms ms 

Most favored heterozygote 
with the highest 
reproductive fitness 
due to heterozygosity of 
2 loci 

Fig. 3.40. Models for the origin and maintenance of genic male sterility (from FRANKEL, 1973) 

cultivars into small subpopulations or artificial inbreeding increases the chances 
of revealing recessive male sterility genotypes in the homozygous condition 
(FRANKEL, 1940). Partly inbred populations of maize yielded more than 14 
monogenic recessive male sterile mutants (EMERSON et aI., 1935). Simple mono
genic recessive male sterile mutants have also been uncovered in restricted popula
tions of Cucurbita pepo (SHIFRISS, 1945), Cucurbita maxima (HUTCHINS, 1944; 
SCOTT and RINER, 1946) and in Cucumis species (ROBINSON and WHITAKER, 
1974). The monogenic mutants mentioned condition male sterility independent 
of plasmatic background and may thus be considered plasmon-sensitive alleles 
to a universal "sterile" plasmatype (S) originating as outlined in Fig. 3.41. 
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Fig. 3.41. Spontaneous occurrence 
of male sterility due to mutation to 
a plasmon sensitive allele 
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I male sterile behaves as a I 
genic male sterile mutant 

3.4.1.3 Male-Sterility-Inducing Plasma types in Cultivated Plants 

Diversity of male-sterility-inducing plasmatypes can be identified through the 
differential disharmony (expressed by male sterility) caused by the presence 
of interacting nuclear male sterility genes. Male sterility becomes "cytoplasmic" 
when two or more plasmatypes can be established within the same cultivar. 
In the most simple and common case two alternative plasmatypes exist, one 
"normal" - usually designated (N) or (F), and the other "male sterile" -designated 
(S). The "male sterile" plasmatype interacts with a pair of alleles, one "plasmon 
sensitive"-ifrecessive usually designated ms or rf, and the other "fertility restor
ing"-if dominant usually designated Ms of Rf. In this common case male 
sterility is produced in the homozygous recessive genotype with "male sterile" 
cytoplasm only. The diversity of independent sources of "male sterile" plasmatypes 
has been established in quite a number of cultivated plants. To identify diversity 
of plasmatypes, GRACEN and GROGAN (1974) produced 38 different plasmatic 
versions of 28 inbred lines of maize. Differential fertility restoration reaction 
grouped the plasmatypes into three main groups (C, Sand T groups) and 
five other plasmatypes with different restoration pattern. All these plasmatypes 
in the outbreeding maize originated apparently spontaneously within the species 
("Autoplasmy"). Possible models for the spontaneous origin of male-sterility
inducing plasmatypes and their maintenance in populations are given in Fig. 
3.42. The qualitative change of plasmatypes may be induced by chemicals (e.g. 
Colchicine in sorghum: ERICHSEN and Ross, 1963; MALINOWSKY et aI., 1973) 
and mayor may not be influenced by the nuclear environment. The change 
may be preceded by a mutation toward a "mutaplasmic allele", followed by 
a mutation of the plasmatype in the homozygous mutant, as exemplified by 
the case of the "iojap" mutation in maize (RHOADES, 1950). The male sterile 
plasmatype may not be stable, and reverse plasmon mutation toward fertile 
plasmatypes has been reported for maize (SINGH and LAUGH NAN, 1972) and 
for pearl millet (BURTON, 1972; CLEMENT, 1975). The well-known case of cytoplas
mic male sterility in the allogamous onion, first to be utilized in hybrid seed 
production, also originated spontaneously and repeatedly within the species 
(JONES and CLARKE, 1943; PETERSON and FOSKETT, 1953); later, two different 
plasmatypes (S and T) could be differentiated (SCHWEISGUTH, 1973). Autoplasmy 
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Modell. Spontaneous occurrence due to cytoplasmic mutation 
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Fig. 3.42. Models for the spontaneous origin and maintenance of male sterility inducing 
cytoplasm ("autoplasmy") 

has also been indicated for the outbreeding rye (Secale cereale). GEIGER and 
MORGENSTERN (1975) could trace 15 cytoplasmic male sterile sources to at 
least two different male sterile plasmatypes ("Pampa" and "Primitive Persion" 
cytoplasms). 

Intraspecific diversity of male sterile plasmatypes must be the result of plasma
type mutation. In allogamous species the maintenance of a mutated plasmatype 
by slow rejection of plasmon-sensitive alleles is feasible, whereas such mutation 
would be lost in the presence of exposed plasmon-sensitive alleles under extreme 
autogamy. Thus, autoplasmy can be expected to crop up upon crossing isolated 
cultivars of cross-pollinated plants. In contrast, male sterile plasmatypes in the 
inbreeding wheat are all of hybrid (intergeneric or interspecific) ancestry ("Allo
plasmy"). Substitution of wheat nuclei differentiated male sterile cytoplasma from 
Aegilops species-caudata, ovata and speltoides plasmatypes, and from male 
sterile cytoplasms of Triticum species-araraticum, boeoticum, dicoccoides, timo
pheevi and Zhukovskyi plasmatypes (see KIHARA and TSUNEWAKI, 1967; MAAN 
and LUCKEN, 1972). 

Alloplasmic "male sterile" plasma types are differentiated quite commonly 
by substitution of nuclei of autogamous plants: in Nicotiana the induction of 
male sterility by the combination of cytoplasm of one species with the partial 
or complete genome of another species appears to be a widespread phenomenon. 
Genetic restorers to pollen fertility can usually be found in these cases in certain 
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chromosomes of the species contributing the cytoplasms (SMITH, 1968). Thus, 
substitution of nuclei of cultivated tobacco (N. tabacum) differentiated male 
sterile cytoplasms from N. bigelovii, N. debnyi, N. megalosiphon, N. plumbaginifolia, 
N. rustica, N. suaveolens and N. undulata (see EDWARDSON, 1970). Similarly, 
the substitution lines of the autogamous upland cotton (Gossypium hirsutum) 
differentiated male sterile cytoplasms from G. arboreum, G. anomalum and G. 
harknessii (MEYER, 1969, 1975). Interspecific hybrid ancestry of male sterile 
plasma types is also indicated in peppers, Capsicum fioutescens, C. peruvianum 
and C. pendulum cytoplasms interacting with plasmon-sensitive alleles derived 
from C. annuum(OHTA, 1973; RUSINOVA-KoNDAREVA, 1965; FRANKEL, unpubl.); 
and in flax, Linumfloccosum cytoplasm interacting with plasmon-sensitive alleles 
from L. usitatissimum (GAJEWSKI, 1937). The well-known case of cytoplasmic 
male sterility which originated from intraspecific crosses between "procumbent" 
and "tall" races of flax (see EDWARDSON, 1970) and cytoplasmic male sterility 
originating from crosses between indica and japonica rice (SHINJYO, 1972a, b), 
involved distant geographical races or subspecies. In flax the "procumbent" 
cytoplasm interacts with plasmon-sensitive alleles from the "tall" races, and in 
rice the indica cytoplasm interacts with plasmon -sensitive alleles from the japonica 
subspecies. In view of the mentioned examples as well as the theoretical considera
tion of the fate of male sterile cytoplasms, alloplasmic origin of male sterile 
plasmatypes-as pictured in Fig. 3.43-should be expected to be the rule in 
extreme autogamous plants. Hence, the wider the taxonomic differences between 
two organisms, the greater the expected plasma type difference of autogams. 

Species I 
(S) MsMs 
(not used 
and lost) 

x 
(S) Msms 

I 
(8) 
1 

(S) msms 
male sterile hybrid 

Species II 
(N) msms 

1 
recurrent parent 

1 
(N) msms 

Fig. 3.43. Origin of male sterility inducing cytoplasm after crosses between genetic isolated 
species or popUlations ("alloplasmy") 

3.4.1.4 Utilization of Gynodioecy in Plant Breeding 

The association of numerous genetic factors into a single genome requires crosses 
between many parents differing at the loci concerned. Breaking and recombination 
in close linkage groups amplify further the extent of crossing requirements. 
Because of the impractically large numbers of parents needed, plant breeding 
is faced with the dilemma of working in a very restricted range of elite material 
relative to the total variability available in the crop. Large, random mating 
populations of parents are often the only feasible means of achieving the desired 
combination of quantitative factors. 

SUNESON (1951, 1956) first demonstrated that nuclear male sterility genes 
make the development of random mating populations possible also in mainly 
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self-pollinating crops. Substantial amounts of heterozygosity may be retained 
by genic male sterility (JAIN, 1961; LLOYD, 1975) and composite crosses can 
be established in self-pollinated plants. Thus, male sterility in artificial populations 
of inbreeding crops can be a useful tool in plant breeding. The application 
of nuclear male sterility to recurrent selection schemes, as in soybeans (BRIM 
and STUBER, 1973) or sorghum (DOGGETT, 1972), capitalizes on the fact that 
resulting lines need not carry restorer genes, as they would have to if cytoplasmic 
male sterility were to be used (GILMORE, 1964). 

3.4.2 Inheritance of Male Sterility 

Three categories of inheritance of male sterility are suggested by the genetic 
data in the literature: Mendelian (genic), maternal (cytoplasmic), and a combina
tion of the two (gene-cytoplasmic). Table 3.27 details inheritance of the three 
categories in its simplest form, as follows: 

With genic male sterility only one plasmatype (S) exists, interacting with 
a recessive plasmon-sensitive (ms) and a dominant fertility-restoring (Ms) allele. 

With cytoplasmic male sterility, normal (N) and male-sterility-inducing (S) 
plasmatypes exist, but only recessive plasmon-sensitive alleles are present in 
the population. 

With gene-cytoplasmic male sterility, normal (N) and male-sterility-inducing 
(S) plasmatypes exist, the latter interacting with a recessive plasmon-sensitive 
(ms) and a dominant fertility-restoring (Ms) allele. 

Table 3.27. Mode of inheritance of genic, cytoplasmic, and gene-cytoplasmic male sterility 
(simplest model featuring two plasma types and one recessive plasmon sensitive aIIele--see 
text for details) 

Plasmatype Genic male sterility Cytoplasmic male Gene-cytoplasmic 
sterility male sterility 

Fertile Male Fertile Male Fertile Male 
genotypes sterile genotype sterile genotypes sterile 

genotype genotype genotype 

Ms Ms 
Normal (N) ~ Ms ms 

ms ms ms ms 

Ms Ms Ms Ms 
"Sterile" (S) Msms Ms ms 

ms ms msms ms ms 

3.4.2.1 Genic Male Sterility (Mendelian Male Sterility) 

Expression of genic male sterility may take a variety of forms ranging from 
abortion of anthers, malformation of anthers, abortion of pollen at various 
stages during microsporogenesis and indehiscense of anthers ("functional male 
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sterility"}, to highly extruded stigmata ("positional male sterility"); these expres
sions will be discussed later on. Generally, genic male sterile mutants appear 
to have a much more stable expression than cytoplasmic or gene-cytoplasmic 
male sterile types. 

Sporophytic control of the trait is a general feature of recessive genic male 
sterility. Consequently, all gametes of the heterozygote are functional and only 
the female gametes of the homozygote recessive are functional. This, of course, 
permits survival of the male sterility alleles in natural populations. Selective 
abortion of microspores, sporophytically controlled by an alien locus, has been 
reported in the progeny of an interspecific tobacco cross (CAMERON and MOA v, 
1957). 

, The overwhelming majority of analyzed cases of Mendelian male sterility 
show control by single recessive factors (see Section 3.4.1.2 above). Large numbers 
of non-allelic recessive male sterility alleles have been found within the same 
species. In all these cases, the presence of a single recessive gene in homozygote 
condition leads to the expression of male sterility. A few cases of double recessive 
male sterility have been reported (e. g. in cotton: WEAVER, 1968). Double recessive 
male sterility in monoecious plants is exemplified by the babats2ts2 and skskts2ts2 
genotypes of maize (see Section 3.2.1.2). 

A few cases of monogenic dominant male sterility have been reported, such 
as in Solanum (SALAMAN, 1910), Coleus (FORD, 1950) and Streptocarpus (ZEVEN, 
1972). Although a few cases of dominant abortion of pollen during microsporo
genesis have been reported (e.g. MS4 and MS7 in cotton: MURTHI and WEAVER, 
1974), most dominant male sterile phenotypes appear to be "functional male 
sterile", leaving the option of forced pollen release open. Epistatic gene action 
between a dominant and recessive gene leads to male sterility in Lactuca (RYDER, 
1963) and in Origanum (LEWIS and CROWE, 1956); in these cases male steriles 
are FFhh or Ffhh genotypes, the double recessives mayor may not be lethal, 
and FFHH, FFHh, FfHH and FfHh are bisexual. The literature on genic male 
sterility has been reviewed by JAIN (1959) and GOTTSCHALK and KAUL (1974). 

Genic male sterility has repeatedly been reported to occur spontaneously 
(see ALLARD, 1953; RICK, 1945; REIMAN-PHILLIP and FUCHS, 1971). Genic 
male sterility has also been induced artificially: two X-ray-induced recessive 
male sterile mutants of Petunia were studied by WELZEL (1954). An apetalous 
and antherless recessive mutant of Tagetes erecta, induced by X-rays (BOLZ, 
1961), is presently used in hybrid seed production (HORN, 1974). Genic male 
sterility has also been induced by gamma rays in watermelon and tomato (WATTS, 
1962; KWASNIKOW et aI., 1970), and by chemical mutagen in peppers and pea 
(BREUILS and POCHARD, 1975; KWASNIKOW et aI., 1970). 

Pleiotropic effects of male sterility alleles (or close linkages with these alleles) 
have been reported in a number of cases. Reduced female fertility in the homozy
gous recessive (e. g. in an apetalous and antherless Antirrhinum: SINK, 1966), 
or reduced pollen fertility in the heterozygote (e.g. in hybrid tomato produced 
with mS41: ANDRASFALVY, 1974), may cause problems in the production of 
hybrid cultivars. On the other hand, certain marker phenotypes associated with 
male sterility genes can lead to a more efficient hybrid seed production procedure 
(see Section 3.4.4.2.1 below). 
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3.4.2.2 Cytoplasmic and Gene-Cytoplasmic Male Sterility 

Rare events, such as loss of restorer genes in the breeding population after 
initial wide crosses, or recent mutations toward a male sterile plasmatype, may 
serve as plausible explanations for the few cases reported of male sterility con
trolled solely by the maternal cytoplasm (see JAIN, 1959; BERNINGER et aI., 
1970). Furthermore, many cases of cytoplasmic male sterility proved, upon addi
tional study, to be actually affected also by Mendelian genes, e.g. in corn (see 
RHOADES, 1933; DUVICK, 1965; GRACEN and GROGEN, 1974), sugarbeet (see 
OWEN, 1945), and Petunia (EDWARDSON and WARMKE, 1967; VAN MARREWIJK, 
1969). The absence of a plasmon-genome interaction in cytoplasmic male steriles 
tends to make phenotypic expression of the trait more stable than in gene-cytoplas
mic or genic male steriles. Lack of plasmon-genome interaction produces male 
steriles only in the progeny of male sterile plants. 

In view of the dependence of various metabolic systems in the cytoplasm 
on nuclear attributes, the constancy of the genetic property of the plasmatype 
must be established. A change of the cytoplasm derived from the maternal 
parent may consequently be brought about by the action of nuclear genes. 
We know that nuclear genes mayor may not inhibit or modify the action 
of the cytoplasm in a fertility-restored or non-restored genotype. In the former 
case the genetic property of the cytoplasm must remain latent in the restored 
genotype and show up again as a result of gene segregation to indicate genetic 
permanence of the maternal plasmatype. Furthermore, a contribution of the 
paternal cytoplasm to the zygote, as indicated in some cases could possibly 
cause a gradual change in the plasmatype upon successive backcrosses (see 
e.g. FLEMING, 1975, for paternal cytoplasmic influences on agronomic traits 
in maize; HAGEMANN, 1964, for status "paralbomaculatus" in Pelargonium, H yper
icum and Oenothera). Such a possibility is considered graphically in Fig. 3.44. 
To date no change in the genetic properties of the maternal plasmatype by 
introgressive paternal cytoplasm has been reported for the male sterility trait 
(see e.g. MICHAELIS and MICHAELIS, 1948; BURK, 1960). Independence from 
Mendelian genes and constancy of the maternal transmission of the male sterile 
plasmatype have been repeatedly demonstrated by successive nuclear substitution 
experiments (e.g. JONES, 1956; DUVICK, 1965; FUKASAWA, 1967; SCHWEPPEN
HAUSER and MANN, 1968; see Fig. 3.45) or even by androgenesis (see e.g. GOOD
SELL, 1961). In contrast with all cases of genic male sterility, where expression 
of male sterility is controlled entirely sporophytically, gametophytic control 
on pollen function in heterozygous fertility-restored plants carrying male sterile 
cytoplasm has been reported in a number of cases. Data from maize populations 
expected to segregate indicate the occurrence of some type of selective fertilization 
in plants bearing the (S) cytoplasm and heterozygous for the fertility-restoring 
genes, resulting in a higher frequency of fertile plants than expected (BRIGGLE, 
1957). BUCHERT (1961) showed that in the (S) plasmatype, only microspores 
which contain a dominant allele for fertility restoration, Rf3, produce functional 
gametes, whereas male gametes containing the recessive allele, rf3 , abort. The 
female gametes of the (S) plasmatype all remain functional. In contrast to this, 
all microspores are functional in heterozygous plants, Rf3rf3, with the (7) plasma-
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Fig. 3.44. Proof for the constancy of maternal plasmatype by substitution and restoration 
crosses. Dots in cytoplasm (rectangle) indicate male sterility inducing factors, dark nucleus 
( circle) indicates plasmon sensitive nuclear factors. Left side.- constancy of maternal right 
side.- constancy of paternal plasmatypes 

type irrespective of the allele, The rf gametes may not function due to abortion 
or due to elimination when in competition with Rf gametes, as a result of differential 
pollen germination or growth (JOSEPHSON, 1964), In the case of a recessive 
restorer gene to the (S) cytoplasm, a suppressor of this gene, sGa, also operates 
gametophytically (SCHWARTZ, 1951). 

Variation of pollen production in heterozygous fertility-restored plants and 
shifts of expected segregation ratios toward fertility have been reported in a 
number of plants, Studies by BARHAM and MUNGER (1950) showed reduced 
pollen production in heterozygous restored onion, Male sterile (S) ms ms plants 
did not produce any pollen; fertile homozygous plants-irrespective of the 
plasmatype-(S) Ms Ms or (N) Ms Ms produced about 82 % viable pollen; 
and pollen production in the heterozygote (S) Ms ms was only 64 %, These 
results have been interpreted as due to incomplete dominance, Deviating segrega
tion ratios in onion crosses between male steriles and (relatively undefined) 
genotypes of pollen donors with a shift toward fertility have been interpreted 
as due to the action of modifier genes (NIEUWHOF, 1970), However, the malfunc
tion of the plasmon-sensitive gamete in the (S) cytoplasm cannot as yet be 
ruled out in these cases, 



208 

Aegilops 
ovata 

R 5 
fertile male-sterile 

~n 

fert~~ 

Triticum 
durum 

R 5 
fertile fertile 

~n 

f':'l~ 

Allogamy 

Fig. 3.45. Diagrammatic representation of the substitution and restoration of genome comple
ments between Aegi/ops ovata and li"iticum durum. Inner circle: nucleus and outer zone: 
cytoplasm. Rectangle with A or B in inner circle: haploid set of ovata and durum genome. 
S: substitution, R: restoration (after FUKASAWA, 1967) 

The interacting mechanisms ofthe nuclear and cytoplasmic hereditary systems, 
causing gene-cytoplasmic male sterility, provide for a finer balance of fertility 
in the different genotypes than is possible with the purely nuclear system. Basic 
differential fertility levels, as found in natural and artificial gynodioecious popula
tions, are further varied by environmental influences causing cyclic or seasonal 
fluctuations in the degree of male sterility (see e.g. DUVICK, 1965; PETERSON, 
1958) usually not encountered with genic male sterility. Thus, the plasmon
genome-environment interaction produces a delicate balance in the expression 
of the trait. 

The genetics of gene-cytoplasmic male sterility is abundantly documented 
in the literature for about 150 species and will not be detailed here (see reviews 
by EDWARDSON, 1956, 1970; CHOWDHURY and DUVICK, 1966; VARGHESE, 

1968). "Restorer genetics", dealing with the interaction between plasmon-sensitive 
alleles and male-sterility-inducing plasmatypes, has become an important field 
of applied genetics due to its application in commercial hybrid seed production. 
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To be useful in hybrid seed production, genes restoring fertility of "male 
sterile" plasma types should be dominant. From an evolutionary point of view 
dominance of restorer genes is expected and, as a matter of fact, dominance 
of restorer genes is found with most "male sterile" plasmatypes [e. g. C, S, 
and Tplasmatypes in maize (GRACEN and GROGAN, 1974); Sand Tplasmatypes 
in onion (VAN DER MEER, 1970; SCHWEISGUTH, 1973); timopheevi plasmatype 
in wheat (MILLER et aI.,1974; BAHL and SAGE, 1972; MAAN, 1973)]. The 
presence of fertility restoring genes in populations carrying the "male sterile" 
plasma type should be expected, whereas the recessive plasmon sensitive allele 
may occur in high frequency in popUlations carrying the normal plasma type. 
Genetic studies, e.g. with onions (LITTLE et aI., 1944; DAVIS, 1957; PIENAAR, 
1958; KOBABE, 1958; BERNINGER, 1965; VAN DER MEER, 1970), crucifers (THOMP
SON, 1972; BONNET, 1975), peppers (OHTA, 1972, 1973; FRANKEL and SHIFRISS, 
unpublished), and rice (SHINJYO, 1972 a, 1972b), confirm correspondence of (S) 
plasma types with restorer genotypes in some populations while (N) plasma types 
can be found with plasmon-sensitive and/or restorer genotypes, the plasmon
sensitive allele often occurring with a very high frequency in (N) plasmatypes 
populations. We may then reach the conclusion that a non-sensitive cytoplasm 
may be combined with both sensitive and non-sensitive alleles in certain plant 
populations, and non-sensitive alleles may be combined with both sensitive 
and non-sensitive cytoplasm in other plant populations. 

3.4.3 Structural, Developmental, and Biochemical Characterization 
of Male Sterility 

We have so far categorized male sterility according to the inheritance pattern 
of the net effect, i. e., absence of viable pollen for fertilization. Characterization 
of male sterility by its final result makes possible generalization of a large 
number of cases of common hereditary, evolutionary and practical consequences. 
The male sterile phenotype may be described in any developmental stage and 
at different levels of details and compared with microgametogenesis in the normal 
phenotype. Structural, developmental and biochemical characterization of the 
androecium may help in understanding the sequence of events leading to male 
sterility and their control by hereditary elements. Absence of viable pollen for 
fertilization is often accompanied by additional phenotypical expressions of mor
phological or physiological nature, indicating pleiotropic effects of the male 
sterility genes or their close linkage with other genes controlling these expressions. 
We will try to integrate the present knowledge on genetically controlled events 
in microgametogenesis responsible for male sterility. 

3.4.3.1 Developmental Modifications Leading to Breakdown 
in Microgametogenesis 

Normal developmental organization of the androecium and of microgameto
genesis has been described in Chapter 3.1.1 above. Comparative developmental 
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studies of normal vs male sterile anthers reveal definite stages and modes of 
disturbances resulting in the absence of functional pollen. Figure 3.46 gives 
a schematic outline of probable events in microgametogenesis responsible for 
male sterility. The ontogenetic sequence of developmental stages at which the 
male sterile phenotype can first be identified, consists of the differentiation of 
androecium and microsporangium, microsporogenesis, microgametogenesis and 
anther dehiscence and will be discussed in that order. For a detailed review 
of the literature on stages and modes of disturbances leading to breakdown 
in micro gametogenesis, the reader is referred to the paper of LASER and LERSTEN 
(1972) for cases of cytoplasmic male sterility and to the paper of GOTTSCHALK 
and KAUL (1974) for cases of genic male sterility. 

3.4.3.1.1 Modifications in the Structural Differentiation of the Stamen 

As we have seen in Chapter 3.2, in most cases the potentiality of sex suppression 
appears to be under hereditary control, whereas the degree of the expression 
depends largely on environmental conditions. Consequently, cases of male sex 
suppression in normally hermaphroditic flowers of monoecious plants vary in 
degree and are often vaguely defined as stamenless, antherless or simply as 
producing rudimentary, vestigial, warty, minute staminoida instead of normal 
stamens. 

Failure of orderly stamen differentiation has been reported in a number 
of mutant genotypes of cultivated plants, e. g. in sorghum (KARPER and STEPHENS, 
1936), maize (BEADLE, 1932), rice (CHANDRARATHNA, 1964), tobacco (RAEBER 
and BOLTON, 1955), snapdragon (SINK, 1966), pea (KLEIN and MILUTINOVIC, 
1971); Origanum vulgare (LEWIS and CROWE, 1952), cucumber (BARNES, 1961), 
tomato (RICK, 1945b; LARSON and PAUR, 1948; BISHOP, 1954; HAFEN and 
STEVENSON, 1955, 1958), squash (SHIFRISS, 1945), and cotton (ALLISON and 
FISHER, 1964). All cases of faulty differentiation of the stamens, except cotton, 
appear to be controlled by single recessive genes, but their norm of reaction 
seems to be widely influenced by the environment. A good illustration of environ
mental influence is provided, on the one hand, by cases of artificial stamen 
suppression or sex reversion e. g. by morphactin in Capsicum annuum (JA YAKARAN, 
1972) and in Cannabis sativa (MOHAN RAM and JAISWAL, 1971), respectively 
and, on the other hand, by artificial restoration of normal stamen differentiation 
e.g. by gibberellin in stamenless tomato (PHATAK et aI., 1966). The relationship 
between level of gibberellin and the mutant genotype has recently been further 
clarified by SAWHNEY (1974). Male sex suppression often takes the form of 
differentiation into earlier sterile lateral members of the floral bud. Petals or 
petalloid structures are usually produced instead of stamens; this phenomenon 
is utilized in the production of "double flowered" cultivars of ornamentals such 
as stock (Matthiola incana) or begonia (Begonia semperflorens). An example 
of petalloidy is presented in Fig. 3.47 (E), where male suppression is the result 
of interaction between the N icotiana undulata plasmatype and plasmon-sensitive 
alleles. Male sex suppression is sometimes associated also with the suppression 
of the petals. Antherless and apetalous phenotypes have been reported, e. g. 



M
al

e 
st

er
il

e 
R

ef
er

en
ce

 s
ta

ge
s 

P
he

no
ty

pe
s 

S
ex

 s
up

pr
es

si
on

: 
--

--
--

--
--

--
--

--
--

-~
 

S
ta

m
en

le
ss

 -
-
-
-
-
-
-
-

A
nt

he
rl

es
s 
-
-
-

-
-
-
-
-
-

S
ta

m
en

 i
ni

ti
al

s 
1

-
-
-
-
-
-
-

--
--

--
--

--
--

--
--

_
_

=
_

_
_

_
_

_
_

 

---
---

---
---

-~ 
P

ri
m

or
di

um
 f

or
 t

yp
ic

al
ly

 
T

et
ra

sp
or

an
gi

at
e 

an
th

er
 

M
er

is
te

m
 

Pe
ta

llo
id

y 
-
-

-
-
-
-
-

--
--

-
-
_

.
"
-
-
-
-

-
-

_ .
. 

-
-
-

-
-

E
pi

de
rm

is
 

S
ex

 r
ev

er
si

on
: 

C
ar

pe
ll

oi
dy

 
P

is
ti

ll
oi

dy
 

"
-
-
-
-

-
-
.
 

-
-

_
.
-
-

S
ti

gm
oi

dy
 

A
rc

he
sp

or
iu

m
 

E
xt

er
na

l 
ov

ul
es

 --
--

-
--

--
--

--
-

-
-
-
-
-
~
 

P
ri

m
ar

y 
sp

or
og

en
eo

us
 

P
ri

m
ar

y 
pa

ri
et

al
 

la
ye

r 
la

ye
r 

Pe
ta

llo
id

 a
n

th
e
rs

--
-

---
-
-

-
-
-
-
-
-
-
-
-

-
-
-
-

-
~
-
-
-

-
-

M
id

dl
e 

la
ye

r 
en

do
th

ec
iu

m
 

P
ri

m
ar

y 
m

ic
ro

sp
or

oc
yt

e 
T

ap
et

al
 c

el
ls

 
M

ei
ot

ic
 a

bo
rt

io
n 

(P
M

C
) 

I 
(s

ee
 F

ig
. 

3.
48

)-
--

--
-

-
-
-

M
ei

oc
yt

es
 

I 
T

et
ra

d 
o

f 
m

ic
ro

sp
or

es
 

P
os

t 
m

ei
ot

ic
 a

bo
rt

io
n 

--
--

--
j 

C
on

fi
ne

d 
m

ic
ro

sp
or

es
-

P
ri

m
ar

y 
m

ic
ro

ga
m

et
op

hy
te

 
(m

ic
ro

sp
or

e)
 

T
ap

et
al

 p
er

si
st

an
ce

 --
-
-

-~
--

-
~~
~-

--
(s

ee
 F

ig
. 

3
.4

9
)-

-
-
-
-
-

T
ap

et
al

 
de

ge
ne

ra
ti

on
 

S
ec

on
da

ry
 m

ic
ro

ga
m

et
op

h y
te

 
(p

ol
le

n 
gr

ai
n)

 

F
un

ct
io

na
l m

al
e 

st
er

il
it

y 

---
---

--1
. -

-
N

o 
po

ll
en

 r
e
le

a
se

--
--

-
--

--
-
-
-
-

-
-
-
-
-
-
-
-

1-
-
-
-
-
-
-

P
ol

le
n 

re
le

as
e 

F
ig

. 
3.

46
. 

S
ch

em
at

ic
al

 o
ut

li
ne

 o
f 

p
ro

b
ab

le
 e

ve
nt

s 
in

 m
ic

ro
ga

m
et

og
en

es
is

 r
es

po
ns

ib
le

 f
or

 m
al

e 
st

er
il

it
y 

O
nt

og
en

et
ic

 
se

qu
en

ce
 

S
tr

uc
tu

ra
l 

di
ff

er
en

ti
on

 
o

f 
th

e 
an

dr
oe

ci
um

 (
st

am
en

) 

F
il

am
en

t 

D
if

fe
re

nt
ia

ti
on

 
an

d 
de

ve
lo

pm
en

t 
o

f 
th

e 
m

ic
ro

sp
or

an
gi

um
 (a

nt
he

r)
 

M
ic

ro
sp

or
og

en
es

is
 

M
ic

ro
ga

m
et

og
en

es
is

 
(p

ol
le

n 
m

at
ur

at
io

n)
 

A
nt

he
r 

de
hi

sc
en

ce
 

~
 2: ::to
 

§. o· i:l
 '" S·
 

.... ::r
 

(1
) ~
 

..., 8. [ o ~ ..., a ~
.
 g' g,
 g. c:n
 g g N

 .....
. 



212 Allogamy 

A B c 
Fig. 3.47. Modifications in the structural differentiations of stamen or anthers as a result 
of interaction between Nicotiana plasmatypes and plasmon sensitive alleles in a N. tabacum 
x N. glutinosa hybrid: (A): N. tabacum plasmatype, cv "Hicks" : phenotype normal, (B) : 
N. suaveolens plasmatype, cv "Hicks": phenotype pistilloid, (C): N. bigelovii plasmatype, 
cv "Hicks": phenotype petalloid anthers, (D): N. megalosipholl plasmatype, cv "Hicks": pheno
type carpelloid functional, (E): N. undulata plasmatype, cv "Hicks": phenotype petalloid, (F): 
N. debnyi plasmatype, cv Red Russian: phenotype stigmoid and split corrola 

in zinnia (GOLDSMITH, 1968), snapdragon (SINK, 1966), thyme (ApPL, 1933) 
and petunia (SINK, 1973). 

3.4.3.1.2 Faulty Differentiation of the Anther 

Aberrant anther differentiation most often indicates sex reversion which ranges 
from stigma-like extensions of the connective tissue in otherwise normal anthers 
to stigmaid male sterile anthers, pistil/aid male sterile anthers to the development 
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D E F 

of carpels instead of anthers with typical stigma and style, bearing ovules capable 
of development into normal seed ("Carpellody"). A large number of cases of 
sex reversion can be related to plasmon- genome interaction (see PORTER et aI., 
1965; M EYER, 1966; FISHER and SYMKO, 1973). Figure 3.47 (F) shows stigmoid, 
pistilloid [Fig. 3.47 (B)], and carpelloid [Fig. 3.47 (D)] phenotypes based on 
Nicotiana debnyi, N. suaveolens and N. megalosiphon plasmatypes respectively 
interacting with plasmon-sensitive alleles in a N. taba,cum x N. glutinosa hybrid. 

Sex reversion may also be expressed by the formation of external ovules 
on abnormally thickened staminal tubes [e. g. in interspecific hybrids of cotton 
(MEYER and BUFFETT, 1962) and tobacco (BURK, 1960) or in genic "stamenless" 
tomato (SAWHNEY and GREYSON, 1973) and castor bean (STEIN, 1965)J. 

Aberrant differentiation of the epidermal and primary parietal layers, and 
sometimes even of the primary sporogeneous layer often lead to petaloid anthers. 
If the primary sporogenous layer is also altered, such anthers are usually male 
sterile as, e. g., in aN icotiana bigelovii plasmatype interacting with plasmon-sensit-
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ive alleles in a N. tabacum x N. glutinosa hybrid [Fig. 3.47 (C)], or in Brassica 
nigra plasmatype interacting with plasmon-sensitive alleles from Brassica oleracea 
(PEARSON, 1972). 

3.4.3.1.3 Breakdown in Microsporogenesis 

Breakdown during microsporogenesis may involve a number of aberrations 
(see Fig. 3.48). The onset of irregularities seems to be related to faulty timing 
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Fig. 3.48. Breakdown stages during microsporogenesis. A: Induction of meiosis, B: Pairing 
1, C: Pairing 2, D: Terminalisation of chiasmata, E: Spiraling, F: Spindle effect, G: Cytokinesis 
(successive type), H: Induction of second division, f: Spindle effect, J: Cytokinesis, K: Micro
spore release, L: Primexine formation, PMC: Primary microsporocyte (2n), SMC: Secondary 
microsporocyte (n), PMG: Primary microgametophyte 

and coordination of developmental sequences between sporocytes and tapetal 
cells since most cases show no definite stage but a range of abnormal behavior 
extending over part or all of the meiotic stages or even cover pollen maturation. 
The relative speed with which sporocytes undergo meiosis, the gradients in 
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the degree of deviation, moving from the upper to the lower microsporangium 
and from the periphery of the PMCs to the middle of the locule, make critical 
evaluation of the exact stage of arrest in microsporogenesis difficult. Cells located 
in the upper anther lobes or near the tapetum appear usually less abnormal 
than cells in the lower anther lobes or farther away from the tapetum. Such 
observation, as well as the common occurrence of desynchronized groups of 
sporocytes, imply nutritional difficulties connected with tapetal development 
and unsynchronized activity. 

The abortive process, though ordinarily not confmed to defmite stages, is 
recognized usually as an arrest centered on the early or final stages of meiosis 
[e. g. in tomato (see RICK and BUTLER, 1956) and in maize (see BEADLE, 1932)]' 
This may be so because of the relative duration of the meiotic stages or the 
relative genetic and metabolic autonomy of the meiocytes between late prophase 
and microspore tetrad stage as compared with the early and final stages of 
meiosis (see above). 

In some male sterile genotypes, the primary (diploid) microsporocytes may 
not enter meiosis (Fig. 3.48 A); they may simply develop vacuoles and disintegrate 
[e.g. in winter squash (SINGH and RHODES, 1961) or tomato mS3 (RICK, 1948)] 
or undergo synchronous mitosis instead of meiosis [e. g. in maize (PALMER, 
1971) or raspberry (CRANE and THOMAS, 1949)]. 

Absence of pairing of homologous chromosomes during the first meiotic 
division (Fig. 3.48 B) has been reported in asynaptic male sterile mutants of 
maize (BEADLE, 1930) and tomato (ms10 RICK and BUTLER, 1956). Precocious 
separation of homologous chromosomes between pachytene and diplotene (i. e., 
desynapsis, Fig. 3.48 C), as found in male sterile alfalfa (CHILDERS, 1952) and 
pea (see GOTTSCHALK and KAUL, 1974), may be correlated with an observed 
chiasmata failure. Lack of terminalization of chiasmata (Fig. 3.48 D), resulting 
in sticky chromosomes, has been observed in male sterile violet (CLAUSEN, 
1930), cowpea (SEN and BHOWAL, 1962) and tomato, mS1S (RICK and BUTLER, 
1956). A few cases of faulty contraction of chromosomes (Fig. 3.48 E) have 
been reported for mutants of sweet pea (FABERGE, 1937), pea (see GOTTSCHALK 
and KAUL, 1974) and maize (BEADLE, 1932), arresting meiosis between diakinesis 
and metaphase I, exhibiting a "long chromosome phenotype". 

In reviewing cases of male sterility showing irregularities during the first 
meiotic prophase, we may note that these are frequently associated with various 
degrees of impairment to the fertility of the female gamete. On the other hand, 
cases of male sterility showing irregularities in later stages only, never reveal 
impairment of female fertility. This may indicate that early in the sequence 
chromosomal pairing and gene recombination in both male and female sporocytes 
are controlled by the sterility genes, whereas a separate hereditary mechanism 
involves only microsporogenesis through metabolic upsets and nutritional defi
ciencies following the first metaphase. It may be of significance that meiotic 
irregularities after prophase I are always associated with deviant tapetal behavior 
(CHILDERS, 1952) and it may not be incidental that genic male steriles involving 
more than one locus and the majority of gene-cytoplasmic male steriles show 
abortion after the first meiotic division and characteristically do not affect female 
fertility. 
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Few cases of male sterility can be placed as being due to a breakdown 
between metaphase I and telophase II. Deficient callose formation has been 
found to be associated with abortion of meiocytes of cytoplasmic male sterile 
petunia (FRANKEL et aI., 1969; IZHAR and FRANKEL, 1971) and sorghum 
(ERICHSEN and Ross, 1963; WARMKE and OVERMAN, 1972). Divergent spindle 
orientation or action (Fig. 3.48 F) may lead to the formation restitution nuclei 
after the first meiotic division, [e.g. in potato (ELLISON, 1936)]. Irregular spindle 
orientation after metaphase II (Fig. 3.48 I) is evident in genic male sterility 
of muskmelon (BOHN and PRINCIPE, 1964) and peppers (NOVAK et aI., 1971). 
Cytokinesis may fail after telophase I in monocots (Fig. 3.48 G) featuring the 
successive type of cell plate formation, [e. g. in maize mutants mss and mS9 
(BEADLE, 1932)]. Quadripartition in the successive or simultaneous type of cyto
kinesis (Fig. 3.48 J) may not be completed and proper tetrads are not formed 
[e.g. in maize mutants mS4 and mS10 (BEADLE, 1932) and pea mutants 395 
(see GOTTSCHALK and KAUL,1974)]. 

Release of microspores from the tetrad bindings (Fig. 3.48 K) appears to 
be one of the most critical stages for the breakdown of micro sporogenesis in 
male sterile mutants. Lack of enzymatic digestion of the callose envelope surround
ing the young microspores in the tetrad seemirigly starves the microspores and 
inhibits proper pollen production (FRANKEL et aI., 1969; IZHAR and FRANKEL, 
1971). The sequel to progressive confinement of microspores within the callose 
envelope is arrest or disorganization of wall formation and mitosis of the microga
metophyte and degenerated, sticky pollen grains [e. g. in Aegilotricum (FUKASA W A, 
1953), Hordeum (MIAN et aI., 1974; CHAUHAN and SINGH, 1966), Dactylis (FILION 
and CHRISTIE, 1966), Zea (MODJOLELO et aI., 1966), Solanum (ABDALLA and 
HERMSEN, 1972), Capsicum (HORNER and ROGERS,. 1974; HIROSE and FUJIME, 
1975), Petunia (EDWARDSON and WARMKE, 1972; IZHAR and FRANKEL, 1971), 
Cucumis (CHAUHAN and SINGH, 1968), Lupinus (PAKENDORF, 1970), Brassica 
(COLE, 1959), and Citrullus (KIHARA, pers. comm.)]' Release of microspores 
without subsequent primexine formation upon the primary microgametophyte 
(Fig. 3.48 L) has been mentioned as the first significant deviation from normal 
pollen maturation in male sterile mutants [e. g. in barley (MIAN et aI., 1974) 
and tomato (RICK, 1948)]' 

3.4.3.1.4 Abortion of the Microgametophyte 

After release from the quartet callose capsule, the primary microgametophyte 
normally enters into a rapid stage of growth and develops vacuolation and 
exine (Fig. 3.49 M). Degeneration centered at this stage in microgametogenesis 
is very common in gene-cytoplasmic male steriles, e. g. in onion, beet, carrot 
and some crucifers (LASER and LERSTEN, 1972), and is frequently associated 
with delayed degeneration of the tapetum or other abnormal development of 
the tapetum or endothecium. Development of the microgametophyte may reach 
the stage of normal appearing vacuolate microspore but remain mono
nucleate, i. e. amitotic, and degenerate (Fig. 3.49 N). Such degeneration is 
known in particular in monocots (see LASER and LERSTEN, 1972; GOTT-
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Fig. 3.49. Pollen abortion stages during microgametogenesis and functional male sterility. 
M: Exine and vacuole form, N: Microspore mitosis, 0: Food reserve accumulation, P: 
Gamete mitosis, Q: Anther dehiscence, VA: vacuole, G: generative nucleus, V: vegetative 
nucleus, S: sperm cells 

SCHALK and KAUL, 1974) and also is found correlated with abnormal 
tapetal activity and development (OVERMAN and WARMKE, 1972; PRIT
CHARD and HUTTON, 1972; HERVAs, 1974; RAMANNA and HERMSEN, 1974). 
Amitosis is followed usually by collapse of the mononucleate microspore walls. 
Following microspore mitosis the vacuolate microgamete accumulates starch 
and other food reserves (Fig. 3.49 N). Cessation of further development associated 
with lack of food accumulation has been reported for gene-cytoplasmic male 
sterile grasses (e.g. for wheat-DE VRIES and IE, 1970; barley-ScHooLER, 
1967; sorghum-BRooKS et aI., 1966; maize-KHoo and STINSON, 1957), and 
for genic male sterile tomato, mS13 (RICK, 1948), pea, mutant 195 B (GOTTSCHALK 
and KAUL, 1974), cucumber (WHELAN, 1972) and squash (FRANCIS and BERMIS, 
1970). Non-degenerate tapetum appears to be correlated physiologically with 
the lack of build up of food reserves of the microgamete. 

A review of the multitude of male sterile phenotypes reveals the most critical 
stages of the breakdown in microsporogenesis: clusters are evident at the early 
meiotic stages (stages A-E in Fig. 3.48), at the tetrad stage (stages J-K in 
Fig. 3.48), and at microspore maturation (stages M-N in Fig. 3.49). Sensitive 
phases in microgametogenesis appear to be related to concurrent events in 
the normal cataclysmic development of the tissue surrounding the sporocytes, 
through which nutritive material must either pass through or be metabolized: 
the tapetum (ECHLIN, 1971). Meiocytes and microspore'tetrads are surrounded 
and isolated by a relatively impenetrable layer of callose which also undergoes 
normal cataclysmic build up and breakdown (WATERKEYN, 1964). Faulty timing 
of metabolic events during the short duration of many of the developmental 
stages in microgametogenesis (see e.g. FINCH and BENNETT, 1972; BENNETT 
and KALTSIKES, 1973; IZHAR and FRANKEL, 1973) must seriously affect the 
three mentioned phases in the development of the microgametophyte. The intimate 
metabolic relationship of an active tapetum with the early meiocytes obviously 
regulates nutrition and build up of the callose layers. The apparent enzymatic 
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degradation of the callose envelope by glucanase activity of the declining and 
senescent tapetum is required to release the young microspore to the nutritive 
environment provided in part by degradation products of tapetal cells (see VASIL, 
1967; MEPHAM and LANE, 1969; FRANKEL et aI., 1969; ECHLIN, 1971; IZHAR 
and FRANKEL, 1971; STIEGLITZ and STERN, 1973). Thus, disturbance in the 
required physiological correlation between tapetal cells and developing microga
metes must cause male sterility. 

A number of generalizations can be made for male sterile phenotypes at 
the three critical phases of breakdown: 

Early meiotic phase: 

Tetrad phase: 

Microspore maturation phase: 

tapetum-deficient or disorganized 
callose-lack of formation or precocious 
digestion. 
tapetum-precocious or delayed degenera
tion 
callose-delayed digestion or persistence 
tapetum-persistent 

The distribution of male sterile mutants studied (LASER and LERSTEN, 1972; 
GOTTSCHALK and KAUL, 1974) among phenotypes of the three phases appears 
to be different for plants of the successive versus the simultaneous type of 
cytokinesis and for gene-cytoplasmic versus genic male steriles (Table 3.28). 

Table 3.28. Percentage distribution of male sterile phenotypes among three broad classes 
of abortion (based on LASER and LERSTEN, 1972; GOTTSCHALK and KAUL, 1974; and 
additional cases not covered by the two reviews) 

Genetic 
type 

Gene
cytoplasmic 

genic 

Taxa 

all taxa 
dicots 
monocots 

all taxa 
dicots 
monocots 

Early meiotic 

15 
27 
4 

30 
32 

7 

Breakdown phase 

Tetrad 

57 
58 
57 

52 
56 
14 

Microspore maturation 

28 
15 
39 

18 
12 
79 

Due to gaps in the information available and to ranges of abnormal behavior 
often extending over several stages, assignment of phenotypes to a specific develop
mental phase is often quite imprecise. Nevertheless, the substantial comparison 
of the count of 62 cases of gene-cytoplasmic male sterilities (LASER and LERSTEN, 
1972) and of 93 genic male sterilities (GOTTSCHALK and KAUL, 1974) seems 
to be indicative for quite significant differences: early meiotic breakdown is 
more frequently found among dicotyledonous plants (about 30 %) than among 
monocotyledonous plants (about 6 %). Very few tetrad breakdown types are 
found among monocotyledonous genic male steriles (14 %) as compared with 
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dicotyledonous genic male steriles, monocotyledonous and dicotyledonous gene
cytoplasmic male steriles (all about 57 % of the cases). The very high concentration 
of cases of genic male sterile monocots at the microspore maturation phase 
(79 %) is of particular interest. 

In quite a number of important cultivated plants, belonging to the Amarantha
ceae, Chenopodiaceae, Compo sitae, Gramineae, and UmbeIIiferae, pollen is shed 
trinucleate, i. e., its generative cell undergoes the additional mitosis before the 
pollen is shed (Fig. 3.49P; KREMP, 1965; BREWBAKER, 1967). Trinucleate, as 
compared with binucleate pollen is regarded as more sensitive to dehydration, 
radiation and long storage, possibly because of its less pronounced exine and 
deprivation of the autonomous pollen grain of its reserves by the second mitotic 
division. The difficulties involved in observation of pollen mitosis may be respon
sible for the lack of exact information on the breakdown of what appears 
to be mature pollen grains (e. g. in some male sterile mutants of maize and 
wheat). 

3.4.3.1.5 Functional Male Sterility 

A number of male sterility genes prevent pollen release by modifying normal 
differentiation or functioning of the stomium and thus prevent release of otherwise 
fertile pollen through failure of anther dehiscence (Fig. 3.49 Q). Functional male 
sterile mutants leave the option of forced pollen release open and thus are 
found not only as recessive traits (as in tomato-see CLAYBERG et aI., 1966) 
but also as dominant traits (see Chapter 3.1.2.1). Non-dehiscent anthers may 
be due to the absence of stomium (e.g. in eggplant-JAsMIN, 1954; badey
ROATH and HOCKETT, 1971; rice-HoFF and CHANDRAPANYA, 1973); stomal 
cells may be tenacious and pressed by hooked petals which do not allow unfurling 
of corrolla (e. g. in ps mutant of tomato-LARSON and PAUR, 1948); and anthers 
may be reflexed or hard and filaments not elongating (e. g. in maize-SPRAGUE, 
1939; clover-ATwooD, 1944; tomato-CLAYBERG et aI., 1966; grape-OLMo, 
1943; and rubber-RAMAER, 1935). 

3.4.3.2 Biochemistry of Male Sterility 

The biochemistry of angiosperm pollen development was recently reviewed in 
detail by MASCARENHAS (1975). Therefore, we will restrict ourselves here to 
a few remarks on comparative biochemistry of the de;¥elopmental phases in 
the male sterile and fertile microsporophylls. Differences in the level of a number 
of substances, their accumulation or disappearance during development, charac
terize normal versus disturbed biochemical communication between microsporo
cytes and the surrounding tissue (tapetum) in normal versus male sterile anthers. 
Such information describes effects, not causes. The hereditary elements responsible 
for male sterility may act autonomously in certain tissues or through a distant 
trigger, and regulation of their timing further conceals the source of the disturbed 
metabolism in male sterile anthers. 
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Several comparative studies of the free amino acid pool during microsporo
genesis indicated differences between fertile and male sterile anthers. Many studies 
showed a characteristic deficiency of proline or cystine and accumulation of 
asparagine in sterile anthers, compared with fertile anthers (e. g. in wheat-FuKA
SAWA, 1954; RA.I and STOSKOPF, 1974; maize-KHoo and STINSON, 1957; 
FUKASAWA, 1954; sorghum-SILvoLAP, 1968; KERN and ATKINS, 1972; 
petunia-IzHAR and FRANKEL, 1973). Other studies of sterile anthers indicate 
different alterations from the normal free amino acid pool, and phase-specific 
changes in the amount of some of the free amino acids are indicated in many 
studies. Since the balance of free amino acids in anthers may be subject to 
the action of several factors (e. g. protein and amino acid breakdown and synthesis, 
translocation into and out of the anther), alteration of the amino acid profile 
in sterile anthers may reflect either anabolic or catabolic processes. Thus, abnor
mally high asparagine accumulation may be associated with breakdown of the 
tissue (McKEE, 1962; IZHAR and FRANKEL, 1973) or with some block in the 
metabolic pathway between asparagine and ornithine in the TCA cycle (FUK USA W A, 
1962). 

Changes in the amino acid pool within the anther locule may in part account 
also for normal or abnormal changes of the pH in the anther locule. Such 
changes, associated with asparagine or glutamine accumulation in male sterile 
anthers of petunia, have been correlated with a drop in pH altering the timing 
of the phase-specific callase activity, causing breakdown in microsporogenesis 
by delayed or precocious action of the enzyme in genic male sterile or cytoplasmic 
male sterile mutants of petunia, respectively (IZHAR and FRANKEL, 1971, 1973). 
The dependence of callase activity on pH, lack of glucanase activity in the 
microsporocytes at all stages of meiosis, and its presence in the tapetum and 
anther locules at the time of the normal degradation of the callose matrix 
of the microspore quartet (ESCHERICH, 1961; STIEGLITZ and STERN, 1973), 
lead to the belief that faulty activation of the enzyme in the anther locule may 
be a primary factor in microspore abortion. 

The rationale of exact timing of the callase activity, external to the microsporo
cytes, becomes even more evident in the view of the normal dynamics of callose 
and primexine synthesis which is at least in part internal to the microsporocytes. 
Studies of plastids during micro sporogenesis suggest that polysaccharide reserves 
of starchy plastids disappear in microspores during callose and cellulosic primex
ine synthesis (DUPUIS, 1974). Recurrent, transitory formation of callose walls 
around the normal generative cell of the microgametophyte (GORSKA-BRYLASS, 
1967; HESLOP-HARRISON, 1968; MEPHAM and LANE, 1970) after the orderly 
dissolution of the callose matrix of the tetrad c~psule, accentuates the significance 
of the exact dynamics of synthesizing and degrading enzymes during microgameto
genesis. The role of the callose wall, as providing a molecular filter and thereby 
establishing a certain degree of transitory autonomy for meiocytes, quartets 
of microspores, and perhaps also to the generative cells of the microgametophyte, 
has been proposed (HESLOP-HARRISON, 1964) and questioned (MASCARENHAS, 
1975). Regardless of the true role of the callose walls, unquestionably any abnormal 
and untimely formation or dissolution has been shown to cause male sterility 
(FRANKEL et aI., 1969; IZHAR and FRANKEL, 1971; HAYWARD and MANTHRI-
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RATNA, 1972; NOVAK, 1972; OVERMAN and WARMKE, 1972; PRITCHARD and 
HUTTON, 1972; HORNER and ROGERS, 1974). 

We have seen that genetic elements control breakdown in microsporogenesis 
and micro gametogenesis locally within the anther through upsets in the biochemi
cal communication between microsporocytes or microgametophytes and sur
rounding tissue. Genetic elements causing modification of the normal structural· 
differentiation ofthe microsporophyll appear to act through hormonal metabolism 
at the stamen primordia level, causing sex suppression or reversion. Although 
we are not aware of direct comparative studies on hormone production or 
receptors during differentiation of male sterile and fertile flowers, responses 
to exogenous growth regulators, such as auxins, gibberellins and kinins (see 
Section 3.2.1.5 above), leave no doubt about the hormonal control system of 
sex suppression or reversion. 

3.4.3.3 Male Sterility Genes and Their Action 

3.4.3.3.1 Site of Male Sterility Factors 

Male sterility genes are transmitted biparentally, uniparentally or both. Reversible 
suppression of uniparentally-maternally inherited male sterility by the action 
of chromosomal fertility restoration testifies not only to the constancy of the 
genetic determinants, but also to the independent production of RNAs and 
proteins by the nuclear and extranuclear genome of the plant. BOGORAD (1975) 
asserts that "compartmentalization of functions in membrane-limited nuclei, 
mitochondria and plastids is the hallmark of eukaryotic life, and understanding 
the genetic and metabolic interactions of organelles and the nUclear-cytoplasmic 
system (is) a central problem of cell biology". In this sense, male sterility and 
fertility restoration resulting from intergenomic cooperation may be conceived 
as a result of one gene product composed of two or more complementary 
subunits or of two or more structural and regulatory gene products coded by 
each of the two hereditary systems. 

Uniparental transmission of the extrachromosomal factor can be understood 
if we assume that the sterility factor is located in a DNA-containing cytoplasmic 
fraction which is contributed to the progeny exclusively by the maternal parent. 
Mitochondria and plastids are considered the most likely candidates to carry 
the genetic information for cytoplasmic male sterility for they are membrane
limited organelles accommodating independent DNA, transfer RNA, ribosomes, 
and suitable synthetizing enzymes (see BORST, 1972; KIRK and TIENEy-BASSETT, 
1967 respectively for mitochondria and plastids). Absence of mitochondria or 
plastids from the male germ cells, or some mechanism preventing male organelles 
from entering the egg cells, must be responsible for the exclusive maternal 
transmission of mitochondrial or plastid male sterility genes. 

Studies indicate that most plastids and mitochondria of the angiosperm 
male gametophyte become incorporated into the vegetative cell, and the generative 
cell and resulting sperm cells receive very few if any plastids, although they 
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contain mitochondria in most plants (for references, see MASCARENHAS, 1975). 
It is of interest to note that in those cases in which plastids were not found 
in the male generative cells (e. g. in maize-LARsoN, 1963,1965; petunia-SAssEN, 
1964; Impatiens-VAN WENT, 1974; Mirabilis jalapa-LoMBARDO and GEROLA, 
1968), chlorophyll variegation is transmitted only maternally ("status albomacu
latus"), whereas in cases in which chlorophyll variegation can be transmitted 
biparentally ("statHs paralbomaculatus"), numerous proplastids have been identi
fied in the generative cell (e. g. in Pelargonium zonaie-LOMBARDO and GEROLA, 
1968; Oenothera hookeri-WALLES, 1971; Hypericum perforatum-see HAGE
MANN, 1964). In the absence of detailed information concerning the fate of 
paternal mitochondria of angiosperms during syngamy, the absence of plastids 
in the male generative cells may not be the only mechanism whereby paternal 
transmission is inhibited. Paternal mitochondria and plastids mayor may not 
be excluded during syngamy; they may even prevail and exclude maternal mito
chondria and plastids as indicated by the exclusive paternal origin of these 
organelles in some gymnosperms (GrARNoRDOLI, 1974). 

Our ignorance about the fate of cytoplasmic organelles before, during and 
after syngamy in the sexual offspring restricts assumptions regarding the site 
of the cytoplasmic male sterility gene to extrapolations based on pleiotropic 
or linked genetic markers. A number of alterations of the normal structure 
or function of mitochondria of plastids in cytoplasmic male sterile plants are 
considered indications of associated effects of action of the male sterile mitochon
drial or plastidal genome. However, even such definition of the plasmon is 
complicated by the possibility of the presence and differential reproduction 
rate of more than one type of mitochondrion or plastid (see e. g. SCHOTZ, 
1958). Different plastid or mitochondrial types can be present in the same cell 
("mixed cells") and somatic "sorting out" produces various chimeral arrangements 
of cells. As a result there may occur variable male sterile phenotypes or mosaic 
male sterile phenotypes in which the border of different organelle types coincides 
with the border between fertile and male sterile regions, such as in variegated 
Oenothera (STUBBE, 1959, 1960). 

In the "iojap" genotype of maize, the plasmatype mutates not only to code 
for male sterility (see Fig. 3.42) but also for chlorophyll variegation. Nevertheless, 
the apparent independence of the two phenotypes led RHOADES (1950) to suspect 
that the mitochondrial genome is the site at which the male sterility factor 
is located. The southern corn leaf blight epidemics of 1970-1971 in the USA 
(TATUM, 1971; ULLSTRUP, 1972), associated with the Tmale sterile plasmatype, 
were followed by many comparative studies of specific effects of the responsible 
pathogen (H elminthosporium maydis race T) and its pathotoxin on mitochondria 
of normal versus male sterile and restored T plasmatypes. Sensitivity of the 
T plasmatype (MILLER and KOEPPE, 1971) appears to be related to the binding 
of the pathotoxin on the inner membrane of its sensitive mitochondrion (PETER
SON et aI., 1975). Pollen bioassay shows that the pathotoxin inhibits germination 
and growth of pollen of restored T plasmatypes, whereas pollen of normal 
or other restored male sterile plasmatypes is unaffected (LAUGH NAN and GABAY, 
1973). The extent of the functional aberrations of the mitochondria introduced 
by the T male sterile cytoplasm can be modified by restorer genes (BARRATT 
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and FLAVELL, 1975; WASTRUD et aI., 1975}, but susceptibility could not be 
overcome completely by nuclear gene resistance (SCOTT and FUTRELL, 1975). 
A similar situation is found with susceptibility of T male sterile maize inbreds 
and their hybrids to yellow leaf blight (Phyllostica sp.: see e. g. ARNY et aI., 
1970; LUNSFORD et aI., 1955), and with susceptibility of male sterile plasmatypes 
of wheat to races of leaf· rust (WASHINGTON and MAAN, 1974) and pepper 
to potato virus X (NAGAICH et aI., 1968), although in these cases no direct 
studies of possible functional aberrations of their mitochondria have been made. 
Recent electrophoretic comparison of restriction endonuclease fragmented mito
chondrial DNA of normal and T male sterile maize also revealed distinctions 
between the two cytoplasmic types (LEVINGS and PRING, 1976); these are thought 
to constitute additional evidence that the mitochondrion is the organelle involved 
in the inheritance of the trait. 

The fact that the majority of cases of extrachromosomal inheritance in higher 
plants are male sterilities and chlorophyll variegations (see HAGEMANN, 1964; 
RHOADES, 1955) naturally led investigators to consider the plastid genome as 
the site of the mutant plasmagene (e. g. STINSON, 1960; STUBBE, 1964). Recent 
investigation on the genetic responsibility of the chloroplast genome for the 
large subunits of ribulose-l,5 diphosphate (RuDP) carboxylase-oxygenase may 
provide clues as to the plasmon-genome interaction causing gene-cytoplasmic 
male sterility (see KUNG, 1976). The enzyme (fraction 1 protein), comprising 
more than 50 % of the total soluble leaf protein in plants, is responsible for 
the crucial reactions in both photosynthesis and photorespiration, and the code 
of a mutant plastid genome may thus alter qualitatively or quantitatively the 
generation of carbohydrates. Since the small subunits and the overall rate of 
synthesis of fraction 1 protein appear to be controlled by the nuclear genome, 
plasmon-genome interaction is easily conceived. A study with cytoplasmic male 
sterile tobacco confirmed that the three polypeptides of the large subunits of 
the enzyme are identical to those found in N icotiana suaveolens, which served 
as the original female parent: and that the two polypeptides of the small subunits 
are identical to those found in N. tabacUln, which served as the recurrent parent 
(CHEN et aI., 1975). 

Evidence from some graft experiments suggested asexual transformation to 
male sterility in the progeny of cytofertile symbionts of heteroplastic grafts 
(petunia-FRANKEL, 1956, 1962; EDWARDSON and CORBETT, 1961; BIANCHI, 
1963; CORBETT and EDWARDSON, 1964; beet-CURTIS, 1967; maize-BoR
OWSKY, 1960; pepper-OHTA and CHUONG, 1975; tobacco-FRANKEL, unpubI.; 
alfalfa-THOMPSON and AXTELL, 1973). Other graft experiments did not confirm 
graft transmission of the sterility factor or its effects (petunia-VAN MARREWIlK, 
1970; beet-CLEIl, 1967; THEURER et aI., 1968; maize-RHoADES, 1933; SHUM
WAY and BAUMAN, 1966; pepper-OHTA, 1961; tobacco-SAND, 1960; BURK, 
1960; wheat-ZEvEN, 1967; LACADENA, 1968; onion-vAN DER MEER and 
BENNEKOM, 1970; Crotolaria-EDwARDSON, 1967; Epilobium-MICHAELIS, 
1940). Despite the conflicting results, such asexual transformation to male sterility 
has been attributed to the presence of and genetic information of latent viruses 
or other infectious agents in cytoplasmic male sterile plants (EDWARDSON and 
CORBETT, 1961; ATANASOFF, 1964, 1971). The idea of "infectious heredity" is 
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supported by the fact of graft and seed transmISSIOn of some plant viruses 
causing various degrees of reduced male fertility (e. g. barley stripe mosaic virus
McKINNEY and GREELEY, 1965; tobacco ring spot virus-VALLEAU, 1932; 
DESJARDINS et aI., 1954; broad bean wilt virus-CROWLEY, 1957; OHTA, 1970; 
tobacco mosaic virus-McKINNEY, 1952; OHTA, 1970). The relation between 
virus infection and gene-cytoplasmic male sterility has been corroborated in 
experiments with peppers indicating that the action of the nuclear fertility-restor
ing alleles is actually reduced by virus infection (OHTA, 1975). 

Graft-transmitted cytoplasmic male sterility behaved generally as a cytoplas
mically inherited trait in successive generations but in one case the transmission 
resulted in Mendelian inheritance of male sterility (FRANKEL, 1962). This case 
has been explained as being due possibly to chromosomal association or integration 
of the extrachromosomal factor transmitted through the graft union. As such, 
male sterility would be due to alternative genetic factors analogous to the behavior 
ofepisomes in bacteria (FRANKEL, 1971). In other words, bits of genetic informa
tion for male sterility could be distributed and only transitorily compartmentalized 
among genomes of a variety of cell entitites (e. g. nuclei, mitochondria, plastids, 
symbionts, pathogens) and "gene distribution mutants" (BOGORAD, 1975) may 
occur. A model of intergenomic and metabolic cooperation responsible for the 
mutant structure and function of cell organelles, the breakdown in microgameto
genesis and associated phenotypic effects is indeed consistent with present knowl
edge of the genetics of male sterility and fertility restoration as well as of 
genetic continuity, distribution and exchange of male sterility factors among 
genomes of cell entities. 

3.4.3.3.2 Pleiotropic Effects 

Developmental modifications leading to the breakdown in micro gametogenesis 
may be related developmentally to pollen abortion, but modifications of physiolo
gical traits leading to divergent agronomic performance among normal, male 
sterile and restored versions of otherwise isogenic material must be due to 
pleiotropic or linked effects of nuclear and extranuclear male sterility loci. Pollen 
sterility per se in non-restored genotypes may have a secondary effect and 
in maize shows yields about 2 % higher than those of restored genotypes (DUVICK, 
1965). Reduced intraplant competition for assimilates by tassels during early 
development of the plant may explain such higher yields of non-restored hybrids 
(CRISWELL et aI., 1974). However, such yield increases can be considered only 
a partial compensation for yield reductions of 2-4 % among restored hybrids 
carrying T cytoplasm (NOBLE and RUSSELL, 1963). Plant stature and leaf number 
are generally higher in hybrids with normal cytoplasm than with T cytoplasm 
(DUVICK, 1965). Hybrids having restored T cytoplasm show earlier silk emergence 
and delayed pollen shedding when compared with normal versions (GROGAN 
and SARVELLA, 1964; SARVELLA and GROGAN, 1965). The disastrous southern 
corn leaf blight epidemics in the USA (see above) can be accounted for by 
comparative grain yield studies of corn hybrids in normal and T male sterile 
cytoplasm infected with Helminthosporium maydis (e.g. LIM et aI., 1974). 
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ATKINS and KERN (1972) evaluated normal, cytoplasmic male sterile and 
restored versions of sorghum lines and hybrids, but did not find differences 
of practical importance. Studies of the effect of two tobacco male sterile plasma
types (N icotiana megalosiphon and N. suaveolens) on agronomic performance 
and chemical characteristics indicated adverse effects which could not be overcome 
by fertility restorer genes (MANN et aI., 1962; POVILAITIS, 1972; HOSFIELD 
and VERNSMAN, 1974; respectively). Male sterile (A) lines of wheat carrying 
Triticum timopheevi cytoplasm show high preharvest seed sprouting whereas 
their fertile (B) counterparts do not sprout at all (DOIG et aI., 1975). Five 
Aegilops plasmatypes induce parthenogenesis at high frequencies in common 
wheat (TSUNEWAKI, 1974). Suppression of the development of the flower beyond 
the stage in which the corolla emerges (blindness), bud blasting, and extreme 
delay of flowering are usually associated with male sterile plasmatypes of petunia; 
this makes such plasmatypes useless for hybrid seed production, although the 
adverse effects may be partly overcome by gibberellin treatment (lZHAR, 1972). 

3.4.4 Utilization of Male Sterility in Plant Breeding 

Superiority of F 1 hybrids over the better of their two parents is a common 
phenomenon in both cross- and self-pollinated crops. Such superiority may 
be expressed in the heterotic phenotype by increased growth, height, leaf area, 
dry mytter accumulation, early flowering and higher total yields (see SINHA 
and KHANNA, 1975), as well as in uniformity and agricultural homeostasis of 
the cultivar population. In addition to the superiority of the hybrids per se, 
there are advantages in breeding F 1 hybrids over open-pollinated cultivars in 
speeding up programs (by parallel assembling desirable dominant traits in either 
of the two parents of the hybrid) and reducing problems of inbreeding depression 
and undesirable linkages of recessive genes in parents. 

Economic benefits for the seed producers (based on proprietory monopoly, 
novelty value, etc.) no doubt contributed to the promotion of F 1 hybrid cultivars. 
Commercial F 1 hybrid cultivars become increasingly important for food, fiber 
and ornamental crops (see WITTWER, 1974; GABELMAN, 1974; HORN, 1974). 

In cross-fertilized species the naturally imposed breeding system assures cross
fertilization, whereas in self-fertilized species selfing is favored by floral morpho
logy. Hence, in cross-pollinated species problems arise particularly in the inbreed
ing phase providing suitable parents for the hybrid, whereas in self-pollinated 
species, they arise in the crossing phase of hybrid seed production. The particular 
problems in the inbreeding phase will not be dealt with here: these problems 
are related to natural mechanisms of incompatibility (making inbreeding difficult) 
and to inbreeding depression. To produce hybrid seed economically, the restric
tions of controlled cross-fertilization caused by flower morphology, especially 
of perfect (hermaphrodite) flowers, must be overcome. The female parent should 
be prevented from self- or intraline fertilization. Moreover, pollen of the male 
line must effectively pollinate the female line, which requires an efficient natural 
pollen dispersal mechanism in the male, or artificial pollination. Elimination 
of self- or intraline fertilization of the female line requires andro-self sterility. 
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Such sterility can be produced by hand emasculation (castration), chemical emas
culation, or manipulation of genetic male sterility or self-incompatibility. 

Large-scale production of hybrid com is done by detasselling the female 
parent, but large-scale emasculation of species with perfect flowers such as tomato, 
sorghum, etc., is usually economically unfeasible. Factors influencing the econo
mics of hybrid production by hand emasculations are ease of emasculation, 
number of seeds produced per flower (per pollination), number of seeds sown 
per unit area and the upper limit of seed price in relation to crop production 
costs. 

Chemical emasculation has been shown to be unreliable, so far. Therefore, 
genetic male sterility is of special interest for hybridizing crop plants having 
perfect flowers with few seeds per flower and where seed prices cannot cover 
the cost of extra expenses involved in hand emasculation. Thus, it happened 
that onion was the first crop in which genetic male sterility was clearly defined 
(JONES and EMSWELLER, 1937) and developed for production of hybrid cultivars 
(JONES and CLARKE, 1943; JONES and DAVIS, 1944). The crop to follow was 
field com (JONES and EVERETT, 1949), and at present cytoplasmic male sterility 
serves in the production of hybrid seed of field com, sweet com, sorghum, 
pearl millet, sugar beet, alfalfa, onion, carrot, and radish, and may become 
useful in the production of hybrid wheat, rice, orchard grass sunflower, flax, 
cotton, soybean, field bean, Crotolaria, tobacco, garden beet, pepper, petunia, 
tuberous rooted begonia, columbine and other plants (GABELMAN, 1956, 1974; 
DUVICK, 1959, 1966; REIMANN-PHILIPP, 1964, 1974; HORN, 1974). Genic male 
sterility is used today for hybrid seed production of barley, tomato, pepper, 
marigold, zinnia, snapdragon, begonia and Ageratum, and is potentially useful 
in the production of hybrid cotton, lettuce, bicolor sweet com and other crops. 

3.4.4.1 Comparison of Hybrid Production Using Genic, Cytoplasmic 
and Gene-Cytoplasmic Male Sterility 

The following lines are involved in hybrid seed production (FRANKEL, 1973): 
A line (female parent). The female parent line which has to be male sterile 

in the seed production plots. 
B line (maintainer). The function of this line is to maintain the A line, 

and with the exception of the male sterility factor, it should be isogenic. 
C line (male parent). The male parent line, must also contribute (when required) 

fertility restoration factors to the offspring. 

3.4.4.1.1 Genic Male Sterility 

Genic male sterility is usually recessive and monogenic. Hence, fertility restoration 
in the hybrid and the crossing scheme are relatively easy. 

The scheme shown in Fig. 3.50 indicates that removal (roguing) of fertile 
(heterozygous) segregates (Ms ms) is required in seed production plots and that 
pure-breeding male-sterile lines can not be maintained, unless fertility is restored 
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Fig. 3.50. A scheme for maintenance of parent lines and hybrid seed production using genetic 
male sterility 

by a modified environment. Since the environmental conditions for fertility 
restoration in the A line are difficult to define, the hybrid is likely to contain 
many plants resulting from selfing. When the A line (but not the C line) is 
homozygous for an appropriate recessive marker gene, non-hybrid plants can 
be removed in the nursery before transplantation (in crops where this is feasible). 
Maintenance of the A line requires identification and removal of the heterozygotes 
before anthesis; this could be achieved by marker genes closely linked to the 
male sterility locus. However, insufficient linkage would result in recombination 
between marker and male sterility genes and thus contaminate the line. 

When reproductive parts serve as the agricultural product, we have to be 
sure that recessive male sterility genes are not present in the C line. Fortunately, 
the frequency of male sterility genes is low and virtually all F 1 hybrid plants 
are fertile. 

3.4.4.1.2 Cytoplasmic Male Sterility 

Cytoplasmic male sterility is based solely on plasmagenes transmitted maternally. 
Thus, fertility in the hybrid cannot be restored. Consequently, the system is 
useful only in plants where seed production is not important. Production of 
the hybrid seeds and maintenance of the parent lines are shown in Fig. 3.51. 

3 .4.4.1.3 Gene-Cytoplasmic Male Sterility 

Here the interaction between the sterile plasmatype and fertility restoration 
genes permits utilization of a breeding system most favorable for hybrid seed 
production. On the one hand, pure breeding male sterile A lines can be maintained 
and on the other hand, fertility in the final hybrid can be restored. Figure 
3.52 outlines a scheme for the maintenance of parent lines and the production 
of hybrid seed utilizing gene-cytoplasmic male sterility. 
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Fig. 3.51. A scheme for maintenance of parent lines and hybrid seed production using 
cytoplasmic male sterility 
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----~ (S) Msms 
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Fig. 3.52. A scheme for maintenance of parent lines and hybrid seed production using gene 
cytoplasmic male sterility 

3.4.4.2 Application of Genic Male Sterility 

Most efficient use of clever genetic manipulation of male sterility may be required 
to overcome a basic shortcoming in the use of genic male sterility, namely, 
the difficulty in obtaining economically a 100 % genic male sterile stand. Conse
quently, the application of genic male sterility is still restricted to hybrid seed 
production of those cultivated plants in which, cytoplasmic male sterility has 
not been found (e. g. in autogamous crops such as tomatoes and barley) or 
those in which the male sterile plasma type shows inferior agronomic performance. 

3.4.4.2.1 Genetic and Field Management Programs to Provide a 
Homogeneous Stand of the Genic Male Sterile Seed Parent 

The customary maintenance scheme for the female parent of the hybrid (A 
line) will produce 50 % heterozygous fertile plants (see Fig. 3.50), but a number 
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of field management and genetic programs can be devised to provide an homo
genous stand of the male sterile seed parent: 

Selfing of Recessive Male Sterile Mutants. Many male sterile mutants will 
restore male fertility under certain natural or artificial environmental conditions 
(see e.g. JUSTUS and LEINWEBER, 1960; HANSCHE and GABELMAN, 1963; RICK 
and BOYNTON, 1965). Such conditions could be defined accurately and applied 
for the increase of pure A line seed. Functional male sterile mutants [see Chapter 
3.4.3.1.5] produce, but do not release, pollen and can be selfed. However, due 
to the variable phenotype and unpredictable environmental conditions, reliable 
sterility of such mutants can often not be kept in the hybrid seed production 
field. To overcome this difficulty it may be useful to have in the A line recessive 
marker genes not present in the Cline (d parent line). This way, the degree 
of contamination of the hybrid seed lot can be monitored and, in some instances, 
the selfed progeny of the A line can be removed in the nursery before transplanting. 

Clonal Propagation of Male Sterile Mutants. A solid stand of male sterile 
plants can be established by vegetative propagation. Such a method may be 
economical in plants easily propagated vegetatively, such as brassicas (GABELMAN, 
1975), cotton (SANTHANAM et aI., 1972) and ornamentals (GOLDSMITH, 1968). 

Physical Removal of Fertile Heterozygotes. In mutants which can be forced 
to self, stability of male sterility is usually not dependable under field conditions. 
Consequently we must use stable mutants and resort to removal of the heterozy
gous fertiles from the seed production field. Double density planting should 
be practised to insure a full stand in the field (see HORN, 1974; LAPUSHNER 
and FRANKEL, 1967). Normally, fertile plants must be removed before anthesis, 
since pollen shedding obviously endangers the production of pure hybrid seed. 
In many cases reliable identification of fertile plants also requires microscopical 
examination. However, in plants that are essentially self pollinating, where no 
natural vectors for pollen transfer exist, and where hand pollination is practised 
(e. g. in tomatoes), we can wait for the first fruit to set upon selfing and then 
remove all plants bearing fruits. 

The removal of heterozygous fertile plants may be facilitated by pleiotropic 
effects of the recessive male sterility gene, such as deviant structural differentiation 
of the corrolla, the stamens or the anthers [see Chapter 3.4.3.1.1 and 3.4.3.1.2]' 
In the absence of pleiotropic effects, marker genes closely linked to the male 
sterility locus with a clear phenotype expression may be used. Seedling markers 
are of special value since roguing at the seedling stage in the nursery is cheaper 
than removal of adult plants in the field. Some successful attempts have been 
made in this direction (in tomato CLA YBERG, 1966; SORRESSI, 1968; PHILOUZE, 
1974; cabbage-SAMPsON, 1970; cucurbits-WHELAN, 1974; WATTS, 1962). Phy
siological markers, such as resistance to phytocides, can be used to leave only 
the homozygous male steriles in the hybrid seed production field (e. g. in barley
HA YES, 1959; WIEBE, 1960). Height differentials, resulting from linkage of stature 
with male sterility genes, can be used for roguing by way of pre-anthesis cutting 
of the taller heterozygous phenotypes, thus leaving a pure stand of the shorter 
homozygous male sterile (A line) phenotypes (WIEBE, 1968). 

SINGLETON and JONES (1930) proposed to use close linkages between endo
sperm color and male sterility genes in maize to insure a pure stand of the 
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male sterile parent in the hybrid seed production field. Since no close linkages 
were available the scheme was not found useful. However, the recent proposal 
of GALlANT (1975) for hybrid seed production of bicolor sweet com, appears 
to resolve the problems of recombinants when linkage is fairly close; the scheme 
may potentially be exploited as well for other crops having a conspicuous endo
sperm coloration. The program makes use of a homozygous seed parent and 
a heterozygous maintainer (in the coupling phase) for white endosperm and 
male sterility (A line y-ms/y-ms; B line Y-Ms/y-ms). The male parent of the 
hybrid must be homozygous for fertility and yellow endosperm (C line Y -MsjY
Ms). The white seed from the maintenance field is separated by an electronic 
eye seed sorter to furnish A line seed mixed with a small proportion of recom
binants. Separation of yellow seed from the hybrid seed production field removes 
all selfed seed of the recombinants (which will be white). 

Use of Extra Chromosomes. A number of possibilities to obtain an 100 % 
genic male sterile stand are made available by the breeding behavior of balanced 
tertiary trisomics or plants carrying an extra homoeologous chromosome derived 
from related species. Since chromosome segments on both sides of the breakpoint 
of the extra chromosome or the extra homoeologous chromosome are not trans
mitted through the pollen, fertility and marker genes located on them can aid 
in the identification of the male sterile genotypes. Schemes for utilizing balanced 
tertiary trisomics for hybrid seed production of diploid crops were outlined 
by RAMAGE (1965) and are presently used for the production of hybrid barley 
seed. These schemes use height, phytocide susceptibility, and seed size or shape 
differentials to selectively combine harvest or separate diploids, trisomies and 
F 1 hybrids. DRISCOLL (1972) proposed the use of genic male sterility of the 
crop plant and a corresponding fertility factor on an homoeologous alien chromo
some. The principles of such an efficient scheme for hybrid wheat seed production 
are outlined in Fig. 3.53. 

3.4.4.2.2 Pollination Control 

Sufficient natural cross pollination in combination with male sterility would 
be desirable for economic hybrid seed production, but utilization of natural 
cross pollination in the production of hybrid seed on genic male sterile seed 
parents faces two types of problems: The highly self-fertilizing nature of many 
of those species where genic male sterility for hybrid seed production is of 
potential importance, and the very nature of male sterile flowers to be unattractive 
to pollen-gathering insects. Consequently, we may often find that pollen transfer 
from the C line to the A line by wind or insects does not result in sufficient 
seed set and that the activity of discriminating insect vectors may be limited 
to C line flowers. Even in flowers in which nectar is the main attractant, natural 
cross pollination of male sterile flowers often yields much less seed than hand 
pollination (see e. g. BREUILS and POCHARD, 1975). 

Sometimes natural cross pollination may be improved by various means, 
such as: manipulating the ratio of pollen donors to seed parents, manipulating 
the spacing and location of pollen donors in relation to seed parents (planting 
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design), choice of pollen donor (extent of pollen shedding, attraction to vectors, 
flower morphology), choice of male sterile seed parent (flower morphology, 
ovule and egg number per flower), choice of appropriate season and regions, 
and proper nicking of A and C lines. Some of these subjects have been discussed 
in Sections 1.3 and 2.3.2.3. 

If natural cross pollination cannot be improved sufficiently, it can only be 
replaced by hand or otherwise artificially forced pollination, which may still 
be economical with high-value or widely spaced crops. The details of the produc
tion procedures depend on the flower biology of the species. As an example, 
Table 3.29 compares tomato hybrid seed production detailing the production 

Table 3.29. Steps in the production of tomato hybrid seed (LAPUSHNER and FRANKEL, 
1967) 

Maintenance of male sterile 
line 

Identification and removal of 
heterozygotes 

Emasculation 
Pollen collection and storage 
Hand pollination 
Marking of flowers 
Removal of fruits from uncon-

trolled pollination 
Selective harvesting of fruit 

Use of male 
fertile female 
parents 

+ 
+ 
+ 
+ 

+ 
+ 

Production procedures 

Use of male 
sterile female 
parents and 
artificial 
pollination 

+ 

+ 

+ 
+ 

Use of male 
sterile female 
parents and 
natural cross
pollination 

+ 

+ 

steps required when hand-emasculated and -pollinated male fertile seed parents, 
hand-pollinated male sterile seed parents, or naturally cross-pollinated male 
sterile seed parents are used. Breakdown of time expenditures for efficient produc
tion methods with fertile seed parents (about 40 % for emasculation, 15 % for 
pollen collection and storage, 30 % for hand pollination, 5 % each for marking 
flowers, removal of fruits from uncontrolled pollination and selective harvesting 
of fruit), and a higher fruit set and seed count when using male sterile seed 
parents, attest that expenditures in maintenance of the male sterile line and 
the removal of heterozygotes in the hybrid seed production field are much 
more than offset by savings in time. Thus, when hand pollination is necessary 
in high-value autogamous plants (e. g. tomato, pepper, eggplant and flower crops), 
genic male sterile parents become a definite asset in hybrid seed production 
and sometimes may be decisive in its economics. 
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3.4.4.3 Use of Gene-Cytoplasmic Male Sterility 

Gene cytoplasmic male sterility has already found large-scale application in 
the production of hybrid seed. In the USA, production based on gene-cytoplasmic 
male sterility reached about 90 % of the cultivated area for hybrid sorghum, 
about 60 % for hybrid sugar beet, and up to 85 % for hybrid field corn (DUVICK, 
1966). Hybrid cultivars of vegetable crops, produced by means of gene-cytoplasmic 
male sterility, comprise 94 % of the sweet corn, 27 % of the onion, and 7 % 
of the carrot acreage in the United States (GABELMAN, 1974). In other highly 
developed countries the statistics are similar. The reason for such large-scale 
use of gene-cytoplasmic male sterility lies in the straightforwardness of the proce
dures providing for pure breeding male sterile A lines and fertility restoration 
in the hybrid. Male-sterility-inducing plasmatypes of "Autoplasmic" origin in 
allogamous plants (Fig. 3.42) and of "Alloplasmic" origin in autogamous plants 
(Fig. 3.43) have been found almost universally. Past experience showed that 
detection of a male-sterility-inducing plasmatype in a crop plant was always 
followed by the discovery of additional, distinct cytosteriles. Thus, it appears 
probable that cytoplasms causing male sterility and fertility restorer genes could 
very likely be found for any crop plant by combining various plasmatypes 
and genotypes. However, successful application of gene-cytoplasmic male sterility 
to F 1 hybrid seed production cannot be achieved by male sterile plasmatypes 
and restorer genes alone, but a number of obstacles have to be overcome. 

Insufficient cross pollination to produce the hybrid seed is a problem mainly 
with autogamous plants. Flowers may stay closed (as in flax) or not expose 
their stigmata sufficiently to receive pollen (as in wheat). Obviously cleistogamous 
flowers cannot serve as pollen donors, and genetic control of anther extrusion 
may become important (see e. g. DE VRIES, 1973; SAGE and ISTURIZ, 1974). 
In entomophilous plants, effective transfer of pollen from the C line to A line 
may be hampered by preference of insects for the pollen fertile C line (see 
WILLIAMS and FREE, 1974). To overcome limitations in cross pollination, pheno
types with appropriate flower morphology, planting design, choice of season 
and region for growth, manipulation of pollen vectors, etc., could be of help 
(see above and DE VRIES, 1971; STOSKOPF and RAI, 1972; MILLER et aI., 1974; 
MOFFETT and STITH, 1972). Concurrent receptivity of styles of the female parent 
and pollen shedding by the male parent ("nicking") are of utmost importance 
and must be manipulated genetically or by cultivation techniques, as outlined 
in Chapter 3.3.1. 

Inbreeding depression is a problem with allogamous plants and results in low 
seed production of inbred parent lines. This may be due also to partial female ster
ility as a result of a pleiotropic effect of the male sterile plasmatype. A solution 
to the problem may be sought in the production of double-cross hybrids, as 
is general practice with field corn (RICHEY, 1950; DUVICK, 1965). Various com
binations of male sterile cytoplasm and fertility restoration genes can be used 
in double-cross hybrid production schemes (see Fig. 3.54). Alternatively, when 
fertility of the hybrid is required, non-restored double-cross hybrid seed may 
be mixed (in cross-pollinated crops) with seeds of the same cross combination, 
using emasculation procedures. 
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A line I C line I 
(9 parents) (0 parent) 

(5) msms (-) MsMs <=IOVilO) 
(5) Msms (fertile) 
Single cross hybrid 

A line II 
(9 parent) 

C line II 
(0 parent) 

(5) msms (N) msms 

<moloVilO) 

(5) msms (male sterile) 
Single cross hybrid 

Allogamy 

A line III C line III 

(emasculated 9 parent) (0 parent) 
(-) MsMs (emasculated) (-) MsMs 

V 
(-) MsMs 

Single cross hybrid 

50% (5) msms (male sterile) 
50% (5) Msms (fertile) 

Double cross hybrid 

(5) Msms (fertile) 
Double cross hybrid 

Fig. 3.54. Examples of alternative schemes for double-cross hybrid seed production using 
gene-cytoplasmic male sterility and fertility restoration 

Unreliable stability of male sterility may make the desired genotype useless 
as seed parent or necessitate additional breeding work (e. g. in cotton-MEYER 
and MEYER, 1965; and alfalfa-BARNES and GARBOUCHEVA, 1973). The polyploid 
nature of species (e. g. wheat) and undesirable linkages may cause complications 
in fertility restoration and, as discussed in Chapter 3.4.3.3.2 above, undesirable 
pleiotropic effects of the plasmatype may cause inferior agronomic performance 
of the hybrid. In maize, yield advantage of hybrids produced with cytoplasmic 
male sterility is in some instances partly due to the absence of pollen (DUVICK, 
1965), but restoration of pollen production removes this advantage. Mixing 
seed of an identical hybrid combination made with detasselling and with male 
sterility may improve yields of hybrids. 

Where male fertility of the hybrid is of no importance ploidy combinations 
can be utilized. Triploid hybrids of root crops (e. g. sugar beets-KINOSHITA 
and NAGAO, 1968) or ornamental plants (e.g. begonia-HoRN, 1971) can be 
conveniently produced by a tetraploid male sterile A line and a diploid C 
line. Female fertility in tetraploids is generally better than male fertility and 
haploid pollen is far more functional than diploid pollen. 

We observe gynodioecy in natural populations, recognize multitudes of male
sterility-inducing plasma types, nuclear male sterility and fertility-restorer genes, 
and see large-scale application of male sterility for hybrid seed production. 
Therefore we may expect that the cross pollina~ion mechanism based on male 
sterility will indeed increasingly serve plant breeding and mankind. 
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Abies spp. 27,34, 103 
Abscisic acid 150, 154 
Abuti/on spp. 187 
Acer spp. 33 

negundo 17 
Acetylene 150 
Aegilops spp. 88, 202, 225 

caudata 202 
ovata 202, 208 
speltoides 202 

Aegilotricum 216 
Agamospermy 15, 16 
Agave spp. 15, 16, 31, 36 
Ageratum spp. 226 
Agropyron spp. 53, 88 

cristatum 24 
desertorum 24 
elongatum 24 
intermedium 24 
repens 24 
smithii 24 
trachycaulum 18, 59 
trichophorum 24 

Agrostemma githago 182 
Agrostis alba 24 
Aleurites montana 24 
Alfalfa see M edicago sativa 
Alkaloid 93 
Allele, fertility restoring 200-201, 204, 

206, 222 
male sterility 199-200 
mutaplasmic 201 
plasmon sensitive 199-203,204,214 

Allergen 101 
Allium spp. 14, 15,98 

cepa 3, 16,26,31,32,33,39,40,41,69, 
75,201,209,216,223,226,233 

var. viviparum 16 
[zstulosum 16 
pon·um 26, 39 
sativum 16 
schoenoprasum 26 

Allogamy, abiotic 54 
biotic 54 

Alloplasm 233 
Almond see Prunus spp. 
Amaryllidaceae 173, 174 
Ambrosia spp. 34, 101 
Amino acids, free 220 
Anacardiaceae 22 
Ananas comosus 3, 16, 22, 31 
Anaphase 82, 214 
Anchusa hybrida 174 
Androdioecy see Dioecy, Andro 
Androecious flower 11 

plant 11, 12 
Androecium 7, 135, 136, 211 
Androgenesis 15,88,89,92,93,206 
Androgynomonoecy 16 
Andromonoecy 11, 12, 16 
Andropogon Jurcatus 25 

scoparius 25 
Anemophily 34-35,52,54 
Annonaceae 22 
Annona cherimola 22, 38 
Anther culture 85-88 

dehiscence 35, 37, 38, 211, 217 
extrusion 59, 233 
less 213 
petalloid 211 

Antheridal cell 104 
Anthophily 31, 52 
Antigen A 101 

pollen 184 
stigmatic i 82 

Antipodal cell 100 
Antirrhinum spp. 68, 85, 167,205,210,212, 

226 
Ants 33 
Aphids 34 
Apium graveolens 21,39 
Apomixis 5, 15 
Apospory 15 
Apple see Pyrus spp. 
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Approach crossing 75,76 
Apricot see Prunus armeniaca 
Aquilegia vulgaris 199, 226 
Arabidopsis 88 

thaliana 59, 61 
Araceae 127 
Arachis hypogaea 19, 59 
Archegonium 104 
Archesporal cell 83, 97 

tissue 97 
Archesporium 79 
Arisaema japonica 12, 127 
Armeria maritima 198 
Arrhenatherum avenaceum 25 
Artichoke, Globe see Cynara 

scolymus 
Jerusalem see 
H elianthus tuberosus 

Artocarpus communis 52 
heteroph yllus 52 

Ash see Fraxinus spp. 
Asparagine 220 
Asparagus see Asparagus officinalis 
Asparagus 88, 89 

ofJicinalis 17, 122 
Aster, China see Callistephus 

chinensis 
Asynapsis 214 
Atriplex spp. 17 
Atropa spp. 88, 89 

belladonna 28 
Autogamy 13 

facultative 54 
functional 59-61 
habitual 54 

Autoplasmy 201-203,233 
Avena spp. 5, 18,39,55, 59 
Avocado see Persea spp. 

Bacula 84 
Bamboo see Bambusa spp. 
Bambusa spp. 36 
Banana see Musa spp. 
Barley see Hordeum vulgare 

foxtail see Hordeum jubatum 
Bean, broad see Vicia faba 

common see Phaseolus vulgaris 
lima see Phaseolus lunatus 
mung see Phaseolus aureus 
urd see Phaseolus mungo 

Bees 33 
Beet, fodder see Beta vulgaris 

red see Beta vulgaris 
sugar see Beta vulgaris 

Beetles 74 
Begonia spp. 129 

cheimantha 129 
sempeljIorens 127, 128, 210, 226, 234 
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Belladonna see Atropa belladonna 
Bellis perel1l1is 18 
Benzyladenine 139 
6-(benzylamino )-4-(2-tetra-h ydropyran yl)-

9H purine (SD 8339) 140 
6-benzylamino-9-~-D-ribofuranosylpurine 

(6-BAR) 140 
Bermuda grass see Cynodon dactylon 
Beta spp. 180 

vulgaris 22, 34, 39, 40, 68, 172, 206, 216, 
223, 226, 233, 234 

Betula spp. 34 
odorata 83 

Birch see Betula spp. 
Bisexuality 6 
Bittersweet, American see 

Celastrus scandens 
Blackberry see Rubus spp. 
Black medic see M edicago lupulina 
Blastophaga 30, 33 
"Blindness" 225 
Blue grass see Poa spp. Texas see Poa 

arachnifera 
Blue stem see Andropogon spp. 
"Bolting" 3 
Boraginaceae 174 
Border rows 48, 49 
Bougainvillea spp. 184 
Bouteloua curtipendula 25 

gracilis 25 
Brassica spp. 3, 16,23,33,37,38,39, 75, 

88,89,95,101,177,186,187,188,189, 
191,195,229 
campestris 62 
nigra 214 
oleracea 176,188,192,214 

var. gemmiiera 102, 190, 192 
acephala 190,193 

rapa 192 
Breadfruit tree see Artocarpus 

communis 
Broccoli see Brassica oleracea 
Brome grass see Bromus spp. 

soft see Bromus mollis 
Bromeliaceae 22, 168 
Bromus spp. 53 

carinatus 57, 59 
carthardcus 18, 57 
erectus : 25 
inermis 25 
marginatus 18 
mollis 18 
pumpellianus 25 

Brussels sprouts see B. oleracea var. 
gemmifera 

Bryonia alba 105 
dioica 105,141 

Bryophyllum spp. 14, 132, 139, 140 
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Buchloe dactyloides 17 
Buckthorn, sea see Hippophae 

rhaml10ides 
"Bud blasting" 225 
Buffalo grass see Buchloe dactyloides 

Cabbage see Brassica oleracea 
chinese see Brassica oleracea 

Cacao see Iheobroma cacao 
Cactaceae 97 
C ajanus cajan 59 

indicus 26 
Caladium spp. 14 
California brome see Bromus carinatus 
Callase 220 
Callistephus chinensis 18, 31, 59 
Callose 82,83,180,182,214,217,218,220 
Callus 86, 87 
Camellia sinensis 28 
Canarium ova tum 17 
Canary grass, red see Phalaris arundinacea 
Cannabis indica 158 

sativa 8, 9, 17, 38, 52, 120, 123, 127, 
130, 132, 136, 139, 157-159,210 

Cantaloupe- see Cucumis melo 
Cantharophily 31, 52 
C apparis spp. 16 
Capsicum spp. 88,209, 216 

annuum 21,33,37,61,63,74,75,76, 
199,203,205,210,216,223,224,226,232 
jrutescens 21, 61, 134, 203 
pendulum 203 
peruvianum 203 

Carbon monoxide (CO) 135,189 
Cardamine spp. 14 

argentatum 17 
Carica papaya 17,39,41,111,125,132, 

133,136 
Carnation see Dianthus caryophyllus 
Carob see Ceratonia siliqua 
Carolina see Lithospermwn caroliniense 
Carpel 96 
Carpelloidy 211,212,213 
Carpillate flower 11 
Carrot see Daucus carota 
Carthamus tinctoria 22, 32 
Carya pecan 25, 34, 40 
Caryophyllaceae 113, 182 
Cassava see M allihot esculenta 
Castanea spp. 24, 33 
Castor bean see Ricinus communis 
Catalpa spp. 33 
Cauliflower see Brassica spp. 
Ceiba pentandra 31, 33, 37, 39 
Celastrus scandens 17 
Celery see Apium graveolens 
Cells, mixed 222 
Centaurea cyan us 16 

Ceratonia siligua 17, 197 
C eratostigma spp. 173 
Chalaza 100 
Chasmogamy 13, 56 
Chenopodiaceae 22, 171 
Chenopodium guinoa 22, 39 
Cherimoya see Annona cherimola 
Cherry see Prunus spp. 

avium 
Chestnut see Castanea spp. 
Chiasmata 110 
Chichorium endivia 18, 59 

intybus 23 
Chichory see Cichorium intybus 
Chickpea see Cicer arietinum 
Chimera 89 
Chiroptera 31,37,39 
Chive see Allium schoenoprasum 
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Chloris gayana 18 
2-chloroethylphosphonic acid (Ethephon, 

Ethrel) 69, 135, 136, 137, 150, 151, 156, 
159 

(2-chloroethyl)trimethylammonium chloride 
(Ccq 149 

2-chlorophenyl(thio )proprionic acid 136 
Christmas rose, see H elleborus 
Chromosome, alien 230, 231 

hybridity of segments 51, 53 
numbers 51, 53 

Chrysanthemum spp. 23 
morifolium 188 

Cicer arietinum 16, 19, 59, 69 
Cincinnus 128 
Cirsiw/1 oleraceum 199 
Citrullus vulgaris 23,39,40, 137, 141, 145, 

147,151,205,216 
Citrus spp. 3, 15, 16,21,41, 
Cleistogamy 13, 233 

constitutional 57 
ecological 54, 56 
genetical 54 

Cleome spp. 118, 128, 141 
iberidella 128 
spinosa 136 

Clover see Trifolium 
bur see M edicago hispida 
sweet see Melilotus spp. 

Cocoa, see 7heobroma cacao 
Coco palm see Cocos nucifera 
Cocos nucifera 27, 38 
CojJea arabica 28, 37 
Coffee see CojJea arabica 
Colchicine 86, 93, 114, 186 
Colchicum 14 
Coleoptera 31, 32 
Coleus spp. 205 
Collard see Brassica spp. 
Columbine see Aqui/egia vulgaris 
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Colza see Brassica spp. 
Commelinaceae 168 
Compatibility 22-28 

barriers 43 
pseudo 170, 187, 189 

Competition between pure lines 55 
pollen 62 

Compo sitae 18,22,23,31,98,176,180,182, 
188, 191 

Coniferopsida (Coniferales, Coniferae, 
conifers) 103, 104 

Conifers see Coniferopsida 
Convolvulaceae 23, 176 
Corm (in Araceae) 127 
Corn see Zea mays 
Cornflower see Centaurea cvanus 
Corrola, split 212 . 
Corylaceae 23 
Corylus spp. 23, 34, 35 
Cosmos binnatus 85 
Cotton see Gossypium spp. 
Cotton, long staple see Gossypium barba

dense 
Upland see Gossypium hirsutum 

Crambe maritima 23 
Cranberry see Vaccinium spp. 
Crepis spp. 85 

foetida 175 
Cress, garden see Lepidium sativum 

thale see Arabidopsis thaliana 
Crosses, composite 204 

nuclear substitution 206, 207 
restoration 207 

Crotolaria spp. 19, 223, 226 
Cruciferae 33, 40, 88, 98, 176, 180, 182, 

190,191,192,209,216 
Crucifers see Cruciferae 
Cucumber see Cucumis sativus 
Cucumis spp. 200, 216 

aculeatus 142 
africanus 142 
anguria 142, 145 
callosus 142 
dipsaceus 142 
ficifolius 142 
figarei 142 
flexuosis (= C. sativus) 
globosus 142 
hardwikii 142, 145 
heptadactylus 142 
hirsutus 142 
humifructus 142 
hystrix 142 
kalahariensis 142 
meeusei 142 
melo 23,33, 124, 137, 138, 141-147, 
216 
metuliferus 142 

murieulatus 142 
myrioearpus 142 
prophetarum 142 
quintanilhae 142 
rigidus 142 
sacleuxii 142 
sagittatus 142 
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sativus 3,8,9,12,23,41,105,117,118, 
120, 123, 129, 133, 135, 138, 139, 141-
157,210,217 
sinensis (= c. sativus) 
zeyheri 142 

Cueurbita spp. 24,38,39,210,215,217 
maxima 156, 200 
mixta 156 
mosehata 156 
pepo 141-157, 200 

Cucurbitaceae 23, 24, 31, 32, 36, 38,40, 
138,140-157,229 

Cucurbits, see Cucurbitaceae 
Culture, meristem 14 

tissue 14 
Currant, black see Ribes spp. 
Cutinase 180, 182 
Cynara seolymus 16 
Cynodon daetylon 25 
Cystine 220 
Cytokinesis, simultaneous 214, 218 

successive 214,218 
Cytokinin 140 
Cytomix 82 
Cytoplasm, paternal 206 

Daetylis spp. 216 
glomerata 25, 199,226 

Dahlia, garden see Dahlia rosea 
Dahlia spp. 14 

rosea 23 
Daisy see Bellis perennis 
Daueus carota 28, 31, 32, 33, 39, 75, 216, 

226,233 
Date palm see Phoenix daetylifera 
Datura spp. 88, 89 

innoxia 86, 87, 90, 91, 93 
Deoxyribonucleic acid (DNA) 6, 83 
Desynapsis 214 
Development, floral 7 
Diakinesis 214 
Diallel cross 171, 177 
Dianthus spp. 31,39 

earyophyllus 14 
Dichasium 128 
2,3-dichloroisobutyrate (DCIB) 68 
Dichogamy 37,38,41,54 

flower 13 
plant 13 

Diclinous flower 9, 117, 135, 141, 143, 
145, 151, 152, 160 
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Dicliny 114 
Dictyosome 84 
Differentiation, floral 7 

sexual 1 
of species 54 

Dihydrozeatin 140 
N,N,-dimethylaminosuccinamic acid 

(SADH, B995 , B9 ) 148, 149, 156 
Dimorphism, sexual 6 
Dioecy 3, 5, 11, 14, 16, 17 38 52 105 

108, 109 ' , , , 

Andro 11, 16 
(}yno 11,16,196--199,203204208 

Dioscorea spp. 17, 111 " 
Diospyros spp. 17,41 
Diploidy 6 
Diplospory 15 
Diplotene 214 
Diptera 31 
Dispersal agents see vectors 

pollen 51 
seed 44, 51, 53, 54 

Distyly 173 
Domestication of plants 54 
Dominance relations 1, 177 
Drosophila 112, 115, 118, 120 

Ear (maize) 109, 160, 161, 163 
Efficiency, pollination 3 

reproductive 2 
Eggplant see Solanum melongena 
Eichhornia spp. 73 
Elaeis guineensis 27 
Elder, box see Acer negundo 
Elodea spp. 35 
Elymus spp. 18,53 
Emasculation, chemical 68--69, 226 

genetic 69 
mechanical 62--66 226 
scissor 66 ' 

Embryo-ny, adventitious 15 
sac 86,96,100,102,113 165 183 
id 86,87,90--94 " 

Endive see Cichorium endivia 
Endonuclease, restriction 223 
Endoplasmic reticulum 100, 101 
Endosperm 100 
Endothecium 211,216 
En!omophily 31--34,52, 186,233 
EplgynOUS flower 143, 144 
Epilobium spp. 223 
Episome 224 
Epistasis 169, 170, 187 
Eragrostis trichoides 18 
Ethyl alcohol 68 
Ethylene 135, 150, 159 
Eucalyptus spp. 27, 31, 33 
Eugenia 16 

Euphorbiaceae 24 
Exine 84, 101, 165, 180, 182 

Fagaceae 24 
F eijoa sellowiana 27 
Fertility, hybrid 53 

restoration 187,233 
Fertilization, double 4 

selective 43, 62 
Fescue see Festuca spp. 
Fescue, annual see Festuca microstachys 
Festuca spp. 16, 53, 88 

elatior 25 
microstachys 57 
rubra 25 

Ficus spp. 30 
carica 17, 31,41, 52, 75 
purmila 35 

Fig see Ficus carica 
Filiform apparatus 100 102 
Fir see Abies spp. ' 

Douglas see Pseudotzuga menziessii 
Flax see Linum usitatissimum 
Flies, blow 33 
Floral meristem 7 
Flower, apetalous 57 

calender 33 
color 30 
ephemeral 37 
marker 78 
marking 232 
modifications 13, 18--28 
persistence 37 
structure 8, 9 

Flowering, continous 36 
gregarious 36 
in cucumber 142--145 
pattern 12, 126, 128 141 145 
period 37 " 
seasonal 36 

Formicophily 31 
Fraction 1 protein 223 
Fragaria spp. 14, 16,27 33 39 113 
Fraxinus spp. 17, 27, 34' , , 
Freesia spp. 24, 165 
Funiculus 97 

Gamete 10, 163 
diploid 214 
plasmon sensitive 207 

(}ametocide, chemical 66--69 
temperature as 69 

(}ametophyte, female 98 
(}arlic see Allium sativum 
(}arousse see Lathyrus cicera 
Gasteria spp. 165 
(}ene balance system 197 
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Generation, gametophyte 5 
sporophyte 5 
time, sexual 53 

Generative cell 83, 90, 91, 217, 222 
nucleus 90,91, 102,217 

Generiaceae 88 
Genital ridges 10 
Genotype, fertility restored 206, 209 

plasmon sensitive 209 
Geophyte 165 
Gerbera spp. 3 

viridifolia 62 
gibberellic acid (GA3 ) 138, 139, 140, 148, 

150, 151, 159, 163 
Gibberellin (GA) 69, 137-139, 148, 151, 

153,154,157,159,162,210,225 
Gladiolus spp. 14,25 
Glucanase 218 
Glutamine 220 
Glycine max 19,55,59,68,75,88, 199, 

204,226 
Glycoprotein 101, 180 
Gonad 112 

primordium 10 
Gooseberry see Ribes spp. 
Gossypium spp. 37, 40, 49, 63, 64, 65, 68, 

74,76,88,199,210,212,226,229,234 
anomalum 203 
arboreum 20, 203 
barbadense 20, 61, 62 
harknessii 203 
herbaceum 20 
hirsutum 20, 61, 203, 205 

Gourd see Cucurbita spp. 
Graft(ing) 14 
Grama see Bouteloua spp. 
Gramineae 18,24,25,88,98,107,169,170, 

180, 191 
Grape see Vitis vinifera 
Grape, muscadine see Vitis rotundifolia 
Grasshoppers 34 
Grass peavine see Lathyrus sativus 
Grevillea robusta 27 
Growth retardants 68, 148, 157 
Guard-rows 49 
Guava see Psidium guajava 
Guayule see Parthenium argenta tum 
Gynodioecy see Dioecy, Gyno 
Gynoecious flower 11 

plant 11,12 
Gynoecium 7,96,136, 160 
Gynogenesis 15 
Gynomonoecy see Monoecy, Gyno 

Haemanthus katherina 84 
Haploids 86, 87, 93 
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Hardy-Weinberg equilibrium 44,45 
Hazelnut (Filbert) see Corylus spp. 
Helianthus annus 22,32,39,62,226 

tuberosus 23 
H elleborus spp. 8 
H elminthosporium maydis 222, 224 
Hemerocallis 11, 16 
Hemicellulose 100 
Hemizygous plant 92, 93, 94, 95 
Hemp see Cannabis sativa 
Hercogamy 13,54 
"Heredity, infectious" 223, 224 
Hermaphrodite flower 11 

plant 11, 12 
species 11, 16 

Heterogametic plants 110-120 
Heteromorphic flower 13 

chromosomes 110-120 
Heteromorphy 38, 53, 57 
Heterosis 225 
Heterostyly ~9, 173-175 
Heterozygosity, advantage of 55 

residual 53, 55 
Hevea brasiliensis 24, 219 
Hibiscus cannabinus 20 

sabdarifJa 20 
Hippophae rhamnoides 17 
Holly, European see !lex aquifolium 
Homogamy 13 
Homomorphy, flower 13 
Homozygosity 1 
Hop see Humulus lupulus 
Hordeum spp. 53 

bulbosum 5, 86 
jubatum 19 
vulgare 5, 18, 39, 55, 57, 59, 63, 65, 86, 
88, 130, 131, 133, 137, 199, 216, 217, 219, 
226,227,229 

Huang-hua tsai, see Taraxacum officinale 
Humidity, atmospheric relative 36 
Humulus lupulus 17,52,123,130,136 

japonicus 123 
Hybrid, double cross 233 

seed production 3, 62, 73-78, 95, 
122-125, 137, 139, 141, 147, 153-157, 
164, 184-185, 187, 189, 190-196,225-
234 
single :'cross 234 
triploid 234 

Hybridity, adjustment of 54 
optimum 200 

Hydrophily 34-36 
Hymenoptera 31,32 
Hyoscyamus spp. 136 

niger 135 
Hypericum spp. 206 

perforatum 222 
Hypogynous flower 143 
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lIex aquifolium 17 
Immunofluorescence 100 
Impatiens spp. 222 
Inbreeding, coefficient 45-58 

depression 4 
Incompatibility 3, 13, 17, 52, 95, 164-

177,180-191,195,198 
Incongruity 164, 186 
B-indoleacetic acid (IAA) 135, 136, 157 
In teguments 96, 97 
Interphase 82 
Intine 84, 85, 89, 90, 91, 180 
Ipomoea batatas 14, 16, 23, 40, 184 
Iridaceae 25 
Iris spp. 14, 25 
Isogenic line 194 
Isolation, spatial 2, 6 

standards 48, 49 
temporal 2 
of flowers 70 
of plants 70 
of seed corps 48 

2-isopropyl-4-dimethylamine-5-methyl
phenyl-I-piperidine methyl chloride 
(AMO 1618) 149,150 

Isozyme 185 

Jack fruit see Artocarpus heterophyllus 
J ojoba bean see Simmondsia californica 
Juglandaceae 25 
Juglcms regia 26,34 

Kale see Brassica spp. 
Sea see Crambe maritima 

Kapok see Ceiba pentandra 
Kenaf see Hibiscus cannabin us 
Kohlrabi see Brassica spp. 

Labiaceae 26 
Lactuca sativa 18,37,59,61,66,75,191, 

199,205,226 
Larch see Larix spp. 
Larix spp. 27, 34 
Lathyrus cicera 19 

odoratus 199,215 
sativus 19 
tingitanus 19 

Lauraceae 26 
Lecitin 101 
Leek see A Ilium porrum 
Leguminosae 19, 20, 26, 167, 186, 190 
Lemma 59 
Lens culinaris 19 
Lentil see Lens culinaris 
Lepidium sativum 59 
Lepidoptera 31 
Leptotene 214 

Lespedeza spp. 19 
stipuiacea 57, 58 

Lettuce see Lactuca sativa 
Liliaceae 26,88,98, 167, 168, 183 
Lilium spp. 26 

longiflorum 183 
Lily see Lilium spp. 
Limollium spp. 173, 174 

meyeri 180, 182 
vulgare 198 

Linaceae 20,173 
Linden see TIUa spp. 
Linum spp. 173, 174 

floccosum 203 
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usitatissimum 20,37,39,59,61,63,66, 
74, 226, 233 

Lithospermwll caroliniense 57 
Loculus 82 
Lodicule 57, 59 
Lolium spp. 88 

italicum 25 
perenne 25 
temulentum 19, 59 

Lotus corniculatus 26 
Love grass, sand see Eragrostis trichoides 
Luffa acutangula 139, 148 
Lupine, see Lupinus 
Lupinus spp. 216 

albus 20 
luteus 20 
perennis 20 

Lyc/mis spp. 114 
Lycopersicon spp. 53,88, 89, 167, 184, 189 

esculelltum 3,21,36,59,61,63,66,68, 
69, 74, 75, 86, 93, 134, 137, 139, 167, 186, 
199,205,210,213,215,216,217,219, 
226, 227, 229, 232 
peruvianum 167,168,183,186,195 
pimpil1ellifolium 86 

Lythraceae 173, 174 
Lythrum spp. 173 

salicaria 174, 175 
junceum 175 

Macadamia temifolia 27 
M agl10lia spp. '33 
Maintainer line 226 
Maintenance 227,228 

cultivar 2, 3 
Maize see Zea mays 
Male sterility 13,41 

functional 204,205,211,219,229 
pleitrotic effects of 205,209, 215, 224, 
225, 229 
positional 205 

Maleic hydrazide 68, 150 
Malus see Pyrus spp. 
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Malvaceae 20, 98 
Mangifera indica 16,22,31 
Mango see Mang!fera indica 
M anihot esculenta 24 
Manioc see M anihot esculanta 
Maple see Acer spp. 
Marigold see Tagetes erecta 
Marjoran see Origanwtl vulgare 
Marker genes, seedling 69, 75, 229 
Marrow see Cucurbita spp. 
Marrow-stem Kale, see Brassica oleracea, 

var. acephale 
Mating systems, origin of 52-54 
Matthiola incana 210 
M edicago spp. 53 

hispida 5, 20 
lupulina 20 
sativa 5,26,31,32,39,68,215,226 

M egachile rotundata 33 
Megaspore 99 

mother cell 97, 98 
Megasporogenesis 99 
Meiocytes, autonomy of 220 
Meiosis 5, 82, 83, 214-216 
Melandrium 10,112,113,115,116,117, 

118,119 
album 114,115 
dioecum 114 

M eli/otus dentata 20 
indica 20 

Melittophily 31-33 
Melon see Cucumis melD 
Mentha piper ita 26 
M ercurialis 135, 140 
Messenger ribonucleic acid (m RNA) 101 
Metaphase 82,214 
Methionine 93 

sulfoximide 93 
Microgamete, vacuolate 214 
Micropyle 97, 100, 102 
Microspore amitosis 217 

differentiation 83 
mitosis 217 
tetrad 214 
vacuolate 214 

Microsporogenesis 211 
gametogenesis 209-211 

Millet, pearl see Pennisetum glaucUln 
proso see Panicum miliaceum 

M irabilis galapa 222 
Mitochondrion 91,100,221-224 
Mitosis 5 

pollen 216,217 
Mitotic spindle 83 
Monoclinous flowers 141,143,151,160 
Monoecy 11, 12, 13, 16, 38, 52 

Gyno 11,12,16 
Tri 11, 12 
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"Morph" (in heteromorphic incompatibi
lity) 173, 174, 180 

Morphactin 150,157,210 
M orus spp. 52 

alba 17 
nigra 17 

Moths 34 
Mountain brome grass see Bromus mar-

ginatus 
Mulberry see Morus alba, M. nigra 
Multiline cultivars 55 
Multiplication 2 

rate, seed 195 
Musa spp. 31, 121, 134, 136 
Muskmelon see Cucumis melD 
Mustard see Brassica spp. 
Mutant, male sterile 52, 55 
Mutation, permanent 168 

reversible 168 
Myrca gale 127 
Myrtaceae 27 

a-naphthaleneacetic acid (NAA) 136, 137, 
157,161,162 

Narcissus spp. 14,165,173,184 
tazetta 174 

Nectar 40 
guide marks 33 
ies 33 

Nectarine see Prunus persica 
Needle grass see Stipa spp. 
Nemesia 167 
Neognathae 31,32 
Nexine 84, 85 
"Nicking" 36,41,44,48,57, 73, 232, 233 
Nicotiana spp. 31, 53, 55, 59, 63, 79, 85, 

87,88,89,93,167,186,202,205,213 
alata 167,168 
bigelovii 203,212,213 
debnyi 203, 212, 213 
glutinosa 212-214 
megalosiphon 203,212,213,225 
plumbaginifolia 203 
rustica 21, 203 
sanderae 165 
suaveoleus 203, 212, 213, 223, 225 
tabacum 21,61,86,87,93,167,199, 
203,210,212-214,223,226 
undulata 203,210,212 

Nucellus 96 
Nucleus, restitution 215 

Oak see Quercus spp. 
silk Grevillea robusta 

Oat see Avena spp. 
grass, tall see Arrhenatherum avenaceum 

Oenothera spp. 167,183,186,187,188, 
206 
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hookeri 222 
organensis 182 

Oil palm see Elaeis guineensis 
Olea europaea 27, 34, 133 
Oleaceae 27 
Olive see Olea europaea 
Onagraceae 98, 167 
Onion see Allium cepa 

top see Allium cepa var. viviparum 
Welch see Allium fistuloswn 

Onobrychis vicifolia 20 
Opuntia spp. 16 
Orange see Citrus spp. 
Orchard grass see Dactylis glomerata 
Origanum vulgare 26, 197,205,210 
Ornithine 220 
Ornithophily 33 
Oryza sativa 18,55, 56, 57, 59, 65, 66, 69, 

73, 75, 87, 88, 89, 92, 139, 199, 203, 209, 
210,219,226 

Outbreeding mechanism 196-199 
Outcrossing, estimation of 45-58 

promotion of 48, 49 
restriction of 49, 50 

Ovary 96,97 
Ovule, external 211,213 
Oxalidaceae 174 
o xalis acetosella 56, 58 

Pachytene 214 
Paeonia spp. 93 
Palaenophily 31 
Palea 59 
Palmaceae 27 
Panicum miliaceum 18 

virgatum 25 
Papaver spp. 37, 38 

rhoeas 171 
Papaya see Carica papaya 
Papillae 98, 101, 102 
Parietal layer 79, 211 
Parsley see Petroselium hortense 
Parsnip see Pastinaca sativa 
PaI,thenium argentatwl1 16, 176 
Parthenocarpy 3, 134, 144, 150, 151, 154 
Parthenogenesis 86 

diploid 15 
haploid 15 

Paspalum spp. 16,63 
Pastinaca sativa 21 
Pathotoxin 222 
Pea see Pisum sativum 
Pea, sweet see Lathyrus odoratus 

cow see Vigna sinensis 
Peach see Prunus persica 
Peanut see Arachis hypogaea 
Pear see Pyrus spp. 
Pecan see Carya pecan 

Pectin 100 
Pectocellulosic material 34 
Pedaliaceae 21 
Pelargonium spp. 206 

zonale 222 
Pellicle 180 
Pemphis acidula 174 
Pennisetum glaucum 25,201,226 
Pepper see Capsicum spp. 

black see Piper nigrum 
Peppermint see Mentha piperita 
Perianth 35, 52 
Perigynous flower 143, 144 
Persea spp. 14, 26, 38,41 
Persimmon see Diospyros spp. 

277 

Personata type (of incompatibility) 165, 
171 

Petalloidy 211, 212 
Petroselium hortense 28 
Petunia spp. 88,89,167,170,183,184, 

186, 187 
hybrida 3,28,40, 76, 205,206,212,216, 
220, 222, 223, 225, 226 

Phalaris spp. 169 
arundinacea 25, 169 

Phaseolus spp. 53, 187 
aureus 19, 59 
coccineus 26 
lunatus 19,49, 199 
mungo 20 
vulgaris 19,59,61,66,67 

Phenotype, marker 205 
antherless 205,210 
apetalous 205, 210 

Phleum pratense 25 
Phoenix dactylifera 5, 14, 17, 34, 38, 39, 

40,41, 75, 76 
Photoperiod 5,36,54,160,161,162 
Photoperiodism 128-132 
Phragmites spp. 14 
Phyllostica spp. 223 
Phylogeny of angiosperms 54 
Physalis spp. 169 

ixocarpa 170 
Phytocide 229 
Pieea spp. 27, 34, 103 
Pigeon pea see" Cajanus indieus (cajan) 
Pili nut see Ca)wrium ova tum 
Pinaceae 27 
Pine see Pinus spp. 
Pineapple see Ananas comosus 
"Pin" plant 174 
Pinus spp. 27, 34, 39,40, 103, 104 
Piperaceae 27 
Piper nigrum 17, 27, 35, 36 
Pistacia vera 17, 35, 41 
Pistacio see Pistacia vera 
Pistil 97 
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Pistillate flower 11 
Pistilloidy 211, 212 
Pisum sativum 19, 59, 199, 205, 210, 215, 

216,217 
Plantago spp. 57 

Ian ceo lata 198 
ovata 199 

Plantain see Plantago spp. 
Plasmatype, male sterility inducing 199, 

201-203 
variation 199,222 

Plasmodesmata 82 
Plasmon-genome interaction 206 
Plastid 91, 100, 221,222 
Pleiotropic gene 163 
Plum see Prunus spp. 
Plumbaginaceae 173,180 
Plumbago spp. 173 
Poa spp. 15, 16, 53 

annua 57 
arachnifera 17 
bulbosa 16 
chapmaniana 57 

Polar cell 100 
Pollen, anemophilic 35, 39 

binucleate 39,40,217, 219 
collection 62, 70-73 
diluents 71, 76 
dispersion 34, 39, 41, 42, 43, 73 
entomophilic 39 
filtration 34, 35 
germination 43, 101 
insects 75 
interception 43, 75 
longevity 29, 37-40, 43 

Pollen mother cell (PMC) 81, 186, 188 
parent (male parent) 74-78,169,177, 
178,225-234 
presentation 39 
release 39 
shedding 36, 38, 59, 232 
size 33,35 
storage 40, 62, 70-73 
storage containers 77 
surface 33 
transfer tools 70, 77 
trinucleate 39,217,219 

Pollination, abiotic 31,34-36 
biotic 31-34,43 
bud 56-58 
cages 75 
cleistantheric 58 
control of 48-50 
emergencey 56 
forced 76-78 
"illigitimate" 1 73 
intraclonal 43 
intraplant 43 

Subject Index 

natural cross 18-28,43-47 
rate of 43 
syndromes 29-34 

Polygonum spp. 99 
Polymorphism 51 

sexual 6 
genetic 53 

Polypeptides 6 
Polyploidy 6 
Polysaccharide 220 
Polysome 91 
Polyspory 214 
Pontederiaceae 173, 174 
Poplar see Populus spp. 
Poppy see Papaver spp. 
Population breeding size 51 
Populus spp. 17,34,197 

alba 197 
Portulaca spp. 37, 38 
Potato, Irish see Solanum tuberosum 

sweet see Ipomoea batatas 
Primexine 214,220 
Primula spp. 173, 174 
Primulaceae 173 
Progeny testing 45-48 
Proline 220 
Propagules, artificial 14 

asexual 5, 14, 16 
natural 14 

Prophase, meiotic 82, 83 
Protandry 4, 13, 38, 57, 59 

flower 28 
plant 28 

Proteaceae 27 
Prothalium 104 
Protogyny 4, 13, 36, 38, 62 

flower 28 
plant 28 

Protoplast 85 
haploid 93 

Prunus spp. 28,36,38,39,41, 167, 186, 
187 
armeniaca 20 
persica 20 
avium 167, 185 

Pseudogamy 16 
Pseudomonas tabaci 93 
Pseudotslflga mellziesii 27 
Psidium guajava 27, 40 
Psychophily 31 
Pumkin see Cucurbita spp., mixta, maxima, 

moschata 
Pyrethrum see Chrysanthemum spp. 
Pyrus spp. 16,28, 36, 37, 38, 39,40,41, 

76,167 

Quercus spp. 24, 34 
Quinoa see Chenopodium quinoa 
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Radish see Raphanus sativus 
Ragweed see Ambrosia spp. 
Ranunculaceae 171 
Ranunculus spp. 35, 180 

acris 171 
Rape see Brassica spp. 
Raphanus spp. 182, 188 

sativus 23,38,39, 192,226 
Raspberry see Rubus idaeus 
Rats 34 
Receptacle 7, 8, 143 
Recombination, adjustment of 51,53,54 
Redtop see Agrostis alba 
Reproduction, asexual 5, 6 

sexual 6, 103, 104 
Reproductive fitness 200 
Rescue grass see Bromus catharticus 
Restorer genetics 208 
Rhodes grass see Chloris gayana 
Rhus vernicifera 17 
Rib grass see Plantago lanceolata 
Ribes spp. 31, 38, 39 
Ribosome 100, 101 
Rice see Oryza sativa 
Ricinus communis 24, 34, 35, 37, 39, 121, 

122, 139,213 
Rogue 75, 226, 229 
Rosa spp. 14,28 
Rosaceae 20,27,28,98, 167, 186, 190, 191 
Rose see Rosa spp. 
Roselle see Hibiscus sabdariffa 
Rosemary see Rosmarinus officinalis 
Rosmarinus officinalis 26 
Rubber tree see H evea brasiliensis 
Rubiaceae 28 
Rubus spp. 28, 31 

idaeus 37,38,39,62, 109, 110,215 
Rumex acetosa 118, 119, 158 

acetosella 118 
arifolia 120 
pausifolius 119 
thyrsifolia 120 

"Running out" 2 
Rutabaga see Brassica spp. 
Rutaceae 21 
Rye see Secale cereale 

wild see Elymus spp. 
Rye grass see Lolium spp. 

annual see Lolium temulentum 

Saccharum officinarum 3, 5, 16 
Safflower see Carthamus tinctoria 
Sage see Salvia nemorosa 
Sainfoin (EsparceUe) see Onobrychis vicifo-

lia 
Saintpaulia spp. 88 
Salix spp. 17, 33 
Saltbush see Atriplex spp. 

Salvia nemorosa 197 
Satureia hortensis 199 
Savory see Satureia hortensis 
Saxifraga spp. 14 
Scape (in Araceae) 126 
Scarlet runner see Phaseolus coccineus 
Scent feeding 75 
Scrophulariaceae 167 
Sea lavender see Limonium vulgare 
Secale cereale 24, 34, 88, 169, 202 
Seed parent (female parent, ovule pa-

rent) 73-78,153,164,172,177,178, 
225-234 

Selection, disruptive 51 
recurrent 204 

Selenicereus grandiflorus 37 
Separation of sexual organs 43 

physiological 43 
spatial 43, 52, 54 
temporal 13, 43, 52, 54 

Sesame see Sesamum indicum 
Sesamum indicum 21,40, 59, 61 
Setaria spp. 88 

italica 5 
sphacelata 5 

Sex cords 10 
chromosomes 11~120 
determination 113 
dimorphism 11 0 
expression 141-163 
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genetics of 8,9, 10, 105, 109-120,123, 
124 
modification 121, 124, 127-141, 145, 
147, 151 
reversion 132,221 
tendency 121, 126, 135 
types 18-28 

Sexine 84, 85 
Silene spp. 114, 136 

pendula 137 
Silk (in maize) 107, 163 
Simmondsia californica 17 

sinensis 5, 16 
Sinapsis alba 62 
Sisal see Agave spp. 
Snapdragon ser Antirrhinum spp. 
Sodium dichloroacetate 68 
Sodium 1-(P-chlorophenyl)-1,2-dihydro-4,6-

dimethyl-2-oxonicotinate 68 
Solanaceae 21,28, 88, 98, 167, 186, 188, 

190, 191 
Solanum spp. 53, 88, 89, 167, 205, 216 

melongena 134, 139, 199,219,232 
tuberosum 3, 14, 16,21,37,40,186,216 

Solidago spp. 97 
Sorghum see Sorghum vulgare 
Sorghum papyrescens (membranaceum) 57 

vulgare 16, 18, 39,40, 55, 56, 57, 63, 69, 



280 

71,74,199,201,204,210,216,217,220, 
226, 233 

var. sudanensis 19 
"Sorting out" 222 
Soybean see Glycine max 
Spadix (in Araceae) 126 
Spike 107, 130, 131, 160 
Spikelet 63, 65, 107, 109, 160, 161 
Spinacea oleracea 5, 17, 39, 125 
Spinach see Spinacea oleracea 
Spindle, divergence of 214 
Sporangium 82, 103,211 

mega 99 
micro 79,211-214 

Sporophyll 11, 103 
macro 96 
micro 79, 103, 221 

Sporophyte, diploid 10, 15 
haploid 15, 86 

Sporopollenin 80, 83 
Spruce See Picea spp. 
Squash, winter see Cucurbita spp. 
Squirrels 34 
Staminate flower 11 
Standards, isolation 18-28 

seed 22 
Status albomaculatus 222 

paralbomaculatus 206, 222 
Sterculiaceae 28 
Sterility, female 41 
Stigma 98 

"cob" 180, 181 
papillate 180, 181 
receptivity 36, 37, 38, 39, 40, 41, 56 

Stigmoidy 211, 212 
Stipa spp. 19 
Strawberry see Fragaria spp. 
Strelitzia spp. 31 
Streptocarpus spp. 205 
Strobilus 9, 104 

bisexual 54 
Sudangrass see Sorghum vulgare var. 

sudanensis 
Sunflower see Helianthus annuus 
Sweet potato, see Ipomoea batatas 
Sweet violet, see Viola oderata 
Swisschard see Beta vulgaris 
Switchgrass see Panicum virgatum 
Sugar cane see Saccharum officinarum 
Symphytophily 31 
Syncytium 82 
Synergid cell 100,102,103,179,183 
Syngamy 5 

Tagetes erecta 205, 226 
Tangelo see Citrus spp. 
Tapetum, invasive (amoeboid) 81 

parietal (secretory) 80, 81 
persistent 217,218 

Taraxacum ojjicinale 16 

Subject Index 

Tassel 107, 108, 160, 161, 162, 163, 226 
seed 108 

Tangier pea see Lathyrus tingitanus 
TeA cycle 220 
Tea see Camellia sinensis 
Tectum 101 
Telophase 82, 214 
Testosterone 118 
Theca 79 
Theaceae 28 
Theobroma cacao 28, 33, 38, 165, 179, 184 
Thermoperiod 5,54, 145 
Thistle see Cirsium oleraceum 
Thrips 34, 74 
"Thrum" plant 174 
Thyme see Thymus vulgaris 
Thymus vulgaris 199,212 
Tzlia spp. 33 
Timothy see Phleum pratense 
Tissue, sporogeneous 74,80-82,211,213 

transmitting 97, 101, 183 
Tobacco see Nicotiana tabacum 
Tomato see Lycopersicon esculentum 
Transformation, asexual 223 
Trefoil see Lotus corniculatus 
Tributyl-2,4-dichlorobenzylphosphonium 

chloride (Phosphon D) 149 
Trifolium spp. 31, 32, 39, 53, 68, 186, 188, 

192,219 
alexandrinum 26 
fragiferum 5, 20 
glomeratum 20 
hybridum 26 
pratense 5, 26, 195 
procumbens 20 
repens 26, 167, 187 
subterraneum 20 

Trigger gene 107, 109 
mechanism 109,117,133,151,152 

Triiodoacetic acid (TIBA) 137,140 
Trimonoecy see Monoecy, Tri 
Trioecy 16 
Tripartite structure (of S locus) 168 
"Tripping" 29 
Trisomid, balanced tertiary 230,231 
Tristyly 173, 174 
Triticale see Triticum spp. 
Triticum spp. 5,18,39,40,49,55,59,61,65, 

68, 69, 73, 74, 75, 88,209,217, 219, 220, 
223,226,231,233,234 
aestivum 88, 134, 137 
araraticum 202 
boeoticum 202 
dicoccoides 202 
durum 208 
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timopheevi .202, 209, 225 
zhukovskyi 202 

"Trueness to type" 2 
Tulip see Tulipa spp. 
Tulipa spp. 26 
Tung tree see Aleurites montana 
Turner's Syndrome 112 
Turnip see Brassica spp. 

rapa 

Umbelliferae 21,28,31 
Unisexuality 6 
U sti/ago violaceae 118 

Vaccinium spp. 38 
Vallisl1eria spp. 35 
Variability, genetic 53 
Varnish tree see Rhus vernicifera 
Vectors activity, manipulation of 48 

pollen 18-37,42 
abiotic 34-36 
biotic 40 
involuntary 74 
voluntary 74 

Vegetable marrow, see Cucurbita pepo 
Vegetative cell 83 

nucleus 91, 102, 183, 217 
Vetch see Vicia spp. 
Verbascum spp. 164 
Vespophily 31 
Vicia angustifolia 58 

benghalensis 20 
faba 19,37,39,61, 74, 75, 226 
panl10nica 20 
sativa 5, 20, 58 
villosa 5 

Vigna sinensis 215 
Viola spp. 57,215 

oderata 57, 58 

Virus, barley stripe 224 
broad bean wilt 224 
coat protein 6 
potato X 223 
tobacco mosaic 224 
tobacco ring spot 224 

Vitaceae 21 
Vitis coignetiae 140 

rotundifolia 17, 41 
thumbergii 140 
vinifera 21, 40, 76, 136, 140, 219 

Vivipary 15, 16 

Walnut see Juglans regia 
Watermelon see Citrullus vulgaris 
Weed sorrel see Oxalis acetosella 
Wheat see 7i"iticum spp. 
Wheatgrass see Agropyron spp. 

slender see Agropyron trachycaulum 
Willow see Salix spp. 

Xanthium spp. 129 
pennsylvanicum 129 
strumarium 139 

X-ray radiation 168, 187, 188 

Yam see Dioscorea spp. 
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Zea mays 12,24,38,39,48,49,69, 71, 85, 
88, 105, 108, 109, 120, 121, 124, 133, 137, 
139,159-163,200,201,205,206,207, 
209, 210, 215, 216, 217, 219, 220, 222, 
223,224,226,230,233,234 

Zeatin 140 
Zinnia spp. 212,226 
Zygotene 214 
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of crossing-over (Chapter 2) preceeds that on chromosome pairing (Chapter 
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