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Foreword 
--------------------------------------------------------------------------------------------------------------------------------- 

Although heterosis, or hybrid vigor, is widely exploited in agriculture, a complete description of its molecular 
basis has remained elusive despite extensive investigation. Heterosis generally results from the action of 
multiple loci, and different loci affect heterosis for different traits and in different hybrids. A number of 
intriguing hypotheses are converging towards the idea of a cumulative positive effect of the differential 
expression of a variety of genes, on one or several yield-affecting metabolic pathways or overall energy-use 
efficiency, as the underlying mechanism for the manifestation of heterosis. Presented in this book(Vol-1 & Vol -
II) is a brief account of clues gathered from various investigative approaches targeted towards better scientific 
understanding of this process. It appears that there is not a single, simple explanation for heterosis. Instead, it is 
likely that heterosis arises in crosses between genetically distinct individuals as a result of a diversity of 
mechanisms. Of particular interest are the studies on the genetic, physiological, biochemical, and molecular 
bases of heterosis that may lead to new strategies for the effective use of hybrid vigor.The authors of this book 
have penned a detailed description of each approach and the step-by-step demonstration of approaches to tap 
heterotic potential in different crop plants lucidly Vol-1 “HETEROSIS CONCEPTS AND BASIS IN CROP 
PLANTS”   of this book aims  to give readers  glimpse of  basic & modern approaches of heterosis  while as  
Vol-II (UTILIZATION OF HETEROSIS IN CROPS) is designed to explain the utilization and usefulness of 
various methods.  It becomes evident that in Crop plants heterosis must be considered within the context of the 
genomic impacts of prior selection for agronomic traits. Multigene models seem likely to prove most 
informative for understanding heterosis. The single most important element in implementing hybrid breeding is 
the recognition of a high-yielding heterotic pattern. . A large proportion of acreage for many crop and vegetable 
species is devoted to growing F1 hybrid plants. This has fundamentally affected agricultural practices and the 
seed industry. Given its economic importance and scientific interest, researchers have used quantitative genetics, 
physiology, and molecular approaches in an effort to understand the basis of heterosis. 
I hope that both Vol-1 and Vol -II  of this book reflects the inspiring scientific atmosphere of the present strides 
in breeding crop plants and will give food for thoughts on new research directions in plant sciences. 
Shalimar, Kashmir, India              Prof. M. Y. Ghani, 

Associate Director Research 
  

 

 

 

Main Campus, Shalimar, Srinagar – 190 025, J&K, India 

Phone: (O) 0194-2463255; Fax: 0194-2461103; Mobile: 09419067162,E-mail: directorresearch@skuastkashmir.ac.in 

 

 

 

 



Ph ton eBooks                                                                                                                                                    3 

 

Sher-e-Kashmir University of  

Agricultural Sciences & Technology of Kashmir 
 

Prof. M. Y. ZARGAR          

www.skuastkashmir.ac.in 

Director Research 

 

 

Preface 
The alarming rate at which the world population continues to grow demands that crop production will have to 
increase by 35 to 40% over current production by the year 2030. One area of research that could prove to be 
valuable in achieving this increase is the exploitation of heterosis and the development of commercial hybrids in 
major food and vegetable crops. Perceived by Charles Darwin in many vegetable plants and rediscovered by 
George H Shull and Edward M East in maize, heterosis or hybrid vigour is one of the most widely utilized 
phenomena, not only in agriculture but also in animal breeding. Although, numerous studies have been carried 
out to understand its genetic and/or molecular basis in the past 100 years, our knowledge of the underlying 
molecular processes that results in hybrid vigour are being still investigated. Even after century long 
deliberations, there is no consensus on the relative/individual contribution of the genetic/epigenetic factors in the 
manifestation of heterosis. The book introduces the basic concepts and methods that are useful in the 
understanding the theories of heterosis. Despite the importance of heterosis in major crops and the plethora of 
research done on heterosis, little is known empirically about the underlying genetic and related physiological 
basis of heterosis. In fact, the biological basis of heterosis is considered by some scientists to be inadequately 
defined. The chasm of unanswered questions regarding heterosis is undoubtedly why it still dominates the 
thinking of many scientists and in my opinion might be the impetus for the authors to write this manuscript. The 
information in the book should give breeders, geneticists, and biologists additional insights into the complexity 
of heterosis. The authors  in both (Vol-I & Vol-II) of this book have attempted to answer old questions 
regarding heterosis and nicely elaborated its relative importance vis-à-vis physiology, genetics , genetic 
engineering, and new insights  defined in the light of emerging technologies.With recent advancements in 
functional genomics, transcriptomics, proteomics, and metabolomics-related technologies, the riddle of heterosis 
is being reinvestigated by adopting systems-level approaches to understand the underlying molecular 
mechanisms. A number of intriguing hypotheses are converging towards the idea of a cumulative positive effect 
of the differential expression of a variety of genes, on one or several yield-affecting metabolic pathways or 
overall energy-use efficiency, as the underlying mechanism for the manifestation of heterosis. Authors have 
presented herein a brief account of clues gathered from various investigative approaches targeted towards better 
scientific understanding of heterosis.The book includes a detailed description of each approach and the step-by- 
analysis designed to explain the utilization and usefulness of this process. This book aims that the reader learns 
from the past and looks at the future of crop improvement. In fact, plant breeding will increasingly require 
pursuing a holistic interdisciplinary approach based on integrated system-oriented thinking. 
Shalimar ,Srinagar India   
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CHAPTER-1 

HETEROSIS CONCEPT- A HISTORICAL PERISPECTIVE OF 
 

 Hybrid vigour or heterosis is a universal phenomenon that occurs in all biological systems.  Heterosis is the 

gain in vigour on crossing two inbreds.  Heterosis and hybrid vigour are used as synonyms in crop 

improvement. Heterosis breeding in crop plants has been the most successful approach among various 

technological options available to the geneticists and plant breeders for the improvement of productivity in 

crop plants. This phenomenon though not fully understood, so far, has yet enabled the plant and animal 

scientists to improve the performance for several economic traits. This improved vigor of hybrid was first 

noticed and described by Thomas Fairchild in 1716. The occurrence of hybrid vigour as superiority of inters 

varietal crosses over parents in maize and suggested its use. The work of Beal set in motion a spate of reports 

on the occurrence of hybrid vigour in different crops culminating in the development of concept of heterosis.  

Recognition and development of heterotic concept   

The results of the investigations carried out by various botanists in several agricultural crops indicated that 

selfing had deleterious effects, whereas crossing offered the only advantage of avoiding those deleterious 

effects of selfing.   

Shull in 1904, at cold spring Harbour started his experiments on selfing and out crossing in corn as well as 

Oenothera. For maize, he used 2 cultures, one white dent and the other a corry sweet corn and initially studied 

the effects on the number of grain rows per ear but later included traits like plant height and yield. During the 

course of investigations, he arrived at the following conclusions which may be considered as landmark in the 

development of heterosis concept.   

1) Self fertilized plants were weaker than the corresponding cross fertilized ones  

2) Self fertilization tended to purify the strain and released new variation   

3) Each successive generation of close inbreeding further reduced the strains to their simplest constituent 

biotypes which were weaker than the hybrid combinations.   

4) It was possible to completely cancel in a single year, the accumulated deterioration through inbreeding, 

by crossing the weakened pure strains.   

          Thus the relationship between the purelines and their hybrids in vigour and yielding capacity was 

recognised by him and it was only in 1914 in a lecture in Gottingen, Germany, Shull proposed the term 

‘Heterosis’ to represent both deterioration incident to inbreeding and also increased vigour on crossing the 

pure lines under the same phenomenon and suggested heterosis as a ‘patent source of practical gains’ for 

utilisation in plants and animals.   
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Hence the knowledge on heterosis was recognised as interpretation of increased vigour, size, and fruitfulness, 

speed of development resistance to diseases and insect pests or climatic vigour of any kind, manifested by 

cross bred organisms as compared with corresponding inbreds as explained by Shull (1952).   

 The concept as ‘decrease in vigour due to inbreeding naturally cross pollinated species and increase in vigour 

due to crossing naturally self fertilized species are manifestations of one and the same phenomenon termed as 

heterozygosis. Crossing produces heterozygosis in all characters by which parents differ. Inbreeding tends to 

produce homozygosis automatically.   

Utilization of heterosis concept  

 A persual of Shull’s work clearly reveals that with the recognition of hybrid vigour, he had also outlined a 

procedure for its utilization in the form of single crosses between inbred lines. Though he had also made three 

way and double cross hybrids, he could not be credited with the practical exploitation of hybrid vigour which 

was later done by Jones in 1918. But since at that time, the availability of maize germplasm was rather limited, 

the inbreds derived from them were poor in vigour, and hence Shull’s single crosses did not appear to be 

practical.   

 East and Hayes recognised this problem and stated that some ways of direct utilisation of heterosis need to be 

found so that the problem of lack of vigour in inbred lines could be overcome. They emphasised that F1 

crosses probably would be of commercial value in crops in which crossing was easy. Presently, planned 

heterosis in the form of F1 generation crosses have been adopted in several crops like tomato, squashes, 

cucumber, egg plants, onion, maize, cotton, sorghum and pearl millet.   

 Although Jones paved the way for the practical utilization of heterosis in maize, yet the development of 

breeding techniques for heterosis was handicapped by the fact that no definite genetic explanation for 

understanding this phenomenon was known. Also, it was not clear whether heterosis could manifest in 

Mendelian characters also since most of the observations on hybrid vigour exhibited continuous variation.   

In the quest for methods of breeding for heterosis earliest attempts were directed at finding the relationship 

between the characters of the parents and their F1 hybrids. Most of the early work shown in maize, flax, and  

in tomatoes indicated the existence of much closer relationship between characters of parents and their F1 

crosses in self pollinated crops than in cross pollinated crops. These studies facilitated the choice of parents to 

obtain high yielding or more genetic information on nature of inheritance of quantitative characters. 

 Since the first attempts to explain heterosis as ‘due to union of unlike gametes’ by Shull and due to 

heterozygosis by East and Hayes, till today several theories based on different disciplines like genetics, 

physiology, biochemistry and molecular genetics have been proposed from time to time.   

Genetic concepts of heterosis   

Heterosis, the increased vigour of F1 over the mean of the parents or over the better parent, whichever 

definition is used, is not due to any single genetic cause. Heterosis on the combined action of favourable 

dominant or partially dominant genes. Similar hypothesis on a di-hybrid basis to explain hybrid vigour in peas. 

Believed vigour was dependent on heterozygosis on the basis that the stimulus of hybridity was not entirely 

Mendelian, A.F. Shull preferred the explanation that heterosis was due to a stimulus resulting from a changed 

nucleus on a relatively unaltered cytoplasm. Jones restated Bruce’s concept and added the concept of linkage.   
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It would be very difficult to recover all factors in a favourable condition in F2 or in later segregating 

generations. East presented a Mendelian concept of the interaction of alleles at the same locus to explain 

heterosis where two alleles of a particular gene pair had developed a divergent physiological function. The 

importance of inter allelic interaction in relation to heterosis. In certain cases a homozygous recessive pair of 

genes may completely modify the normal expression of either a homozygous or heterozygous organism. 

Homozygous dwarfs in maize condition is such a result. A cross between two different dwarfs releases the 

inhibition of each of dwarf and results in marked heterosis. Both dominant factors, where two dwarfs are 

crossed, appear to be necessary to condition normal development. In this case the dominant condition of both 

factor pairs act as complementary factors for normal growth.   

 In summary, heterosis can be considered as the normal expression of a complex character when the genes 

concerned are in a highly heterozygous condition. As most of normal characters are the end result of the 

action, reaction and interaction of numbers of genes, it may be impossible to obtain all essential genes in 

homozygous state. After selecting the best homozygous combination, further vigour will be obtained due to 

heterozygous combination of factors. Dominance or partial dominance assumes great importance as an 

explanation of hybrid vigour.   

Evolutionary concept of heterosis   

 It has now been realized that heterosis is not merely a post Mendelian phenomenon that has its contribution 

solely in achieving improvement in crop productivity, but also considered as an important contrivance to aid 

evolution acting as both creative as well as preservative force in nature. Heterosis provides a genetic system 

for maintaining flexibility in natural populations. Also, it helps to create genetic elite in a population capable of 

possessing high fitness to adapt against adverse environmental situations. Evolutionary concept of heterosis 

takes into account of heterotic advantage in relation to preservation and evolution of species in nature.   

Euheterosis 

It is also called ‘True heterosis’ in which heterosis confers higher fitness to individuals in sexually reproducing 

and cross fertilizing species. Depending upon how euheterosis arises in natural or domesticated conditions, it 

has been sub divided into following types.   

Mutational euheterosis   

 In sexually reproducing and out crossing species, deleterious recessive mutants who are adaptively inferior in 

homozygous state are sheltered from elimination by their adaptively superior dominant alleles in the 

heterozygous state in natural populations. The level of adaptation attained under this genetic situation is 

represented as mutational euheterosis.   

Balanced euheterosis   

 This also refers to sexually reproducing and outcrossing species wherein gene combination of mutants in the 

heterozygous state confers higher adaptive value than in the two parental homozygotes.   

Luxuriance   

 It is applied to special cases of hybrids between varieties, races or strains of both self and cross pollinated 

species which show excessive growth in comparison to parents but low reproductive characters and poor 

adaptation. Hence, it is also called as pseudo heterosis.   
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Bottleneck concept of heterosis   

 The dominance theory essentially takes into account cumulative effects of the interaction of non allelic genes 

and these dominant genes control certain gene products which in turn affect the expression of heterosis 

through several metabolic and growth processes. For example, if two dominant genes A1 and B1 are required 

for the completion of a synthetic pathway, the homozygotes A0A0B1B1 and A1A1B0B0 will fail to complete 

the synthesis of the biochemical substrate required, the genes A0 and B0 being deficient. The hybrid between 

these will be in a position to complete the synthesis of required product and subsequently express heterosis 

by virtue of its having both the dominant genes A1 and B1. This kind of situation was termed as bottleneck 

concept by A.J. Mangelsdorf. According to this concept, emphasis is laid not in the superiority of the hybrid but 

on the inferiority of its parents. The inferiority in the parents are thought to be the bottlenecks represented by 

inefficient alleles.  

Modern concepts of heterosis   

 Mac Key has not only tried to bring about a coherence between the evolutionary and genetic concepts but 

also enlarged the two genetic theories to include all possible forms of gene interactions, recombination and 

segregation. He has also extended the concept to include heterosis originating from extra genomic sources and 

its transmission through sexual phases. His classification of heterosis is as follows:  

1. Heterosis based on direction   

 Positive and negative heterosis is included in this category. This classification depends on whether the hybrid 

performance exceeds the mid parental or better parental performance (positive heterosis) or has lower value 

(negative heterosis). Inferiority of hybrid performance also as an expression of heterosis. Hybrid seedlings 

from the lily cross Lilium speciosum × L. auratium contained higher concentration of ferulic acid than the two 

parental species indicating positive heterosis for this trait but the hybrids were found to exhibit malignancy. 

The expression of malignancy due to increased ferulic acid content may be considered as a case of negative 

heterosis.   

 It is evident from above that it is the same expression of heterosis reflected in two opposite directions under 

different situations. Spontaneous oscillation from positive to negative heterosis may be considered to function 

as a device for cyclic adjustment of gene frequencies in response of recurrent environmental changes.   

2. Heterosis based on function   

 The expression of heterosis has been classified as (a) luxuriant (b) adaptive (c) selective (d) reproductive  

a) Luxuriant heterosis: It is an evaluation restricted to one or few characteristics which again can be positive 

luxuriance for one trait and negative luxuriance for another.   

b) Adaptive heterosis: It takes into account advantages bestowed by fitness to the environment  

c) Selective heterosis: It offers advantage in the vegetative and not in the generative phase. It therefore reflects 

competitive ability and hence restricted to studies of populations.   

d) Reproductive heterosis: It represents advantage in productivity.   

3. Heterosis based on transmissibility   

 This sub division distinguishes whether heterosis is fixable or unfixable through sexual phase.   
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a) Labile heterosis: Heterosis which dissipates due to freely segregating heterosis in the next sexual generation. 

It includes the often encountered heterozygous heterosis in higher plants and animals and also the 

heterocaryotic heterosis found in lower organisms.   

b) Fixed heterosis: It includes those cases of heterosis which are fixable in balanced heterozygous or 

homeologous, homozygous conditions.   

Types of Heterosis  

Commercially, heterosis is of three types   

1) Relative Heterosis (deviation of hybrid from mid parental value)  

2) Heterobeltiosis (superiority of the hybrid over the better parent of the cross)  

3) Standard heterosis (superiority of the hybrid over the commercial check variety)  

Methods of breeding for heterosis 

Methods of breeding for heterosis  depends on the following factors  

1) Closer relationship between the characters of parents and of their F1 crosses in self pollinated plants than 

between the characters of inbred lines of cross pollinated plants and their F1 crosses   

2) In self pollinated plants - selection of available parental varieties that in themselves produce the best 

combination of characters   

3) In cross pollinated plants - two general methods of breeding -  

a) One consists of the selection within and between selfed lines and the use of single, three-way, or double 

crosses for the commercial crop.   

b) The second general method consists of selecting or breeding desirable clones of perennial crops   

4) Evaluation for combining ability by poly cross, or other similar methods, and the desirable clones used to 

produce F1 crosses, double crosses, or synthetic varieties  

Effect of heterosis depends on Choice of Parents  

Plant breeding deals with high-yielding genotypes. However, how best to choose parents of these genotypes 

remains an unsolved question. Research on parent selection may be approached in two ways: a priori and a 

posteriori choice. The former consists of selection methods based on per se parent performance, such as mid 

parental value, divergence according to coefficient of parentage, character complementation, multivariate 

analysis and parental distances, least squares, parental complementation, and ideal genotype. In the latter, 

parents are evaluated on the basis of F1, F2 data and advanced generations. A long period of time is necessary 

to choose parents in this way, especially in perennial plants.  

Factors for consideration in heterosis breeding  

The utilization of hybrid vigour for commercial exploitation depends on the following factors.  

1) The hybrid should possess heterosis in yield and other economic attributes over the better parent as well as 

over an already popular variety or hybrid and the percentage of heterosis should be high enough to be 

economical  

2) An easy, economic and effective means of emasculation of the female parent should be available for hybrid 

seed production.  



Ph ton eBooks                                                                                                                                                    11 

 

3) There should be synchronization of flowering in both the female and male parents.  

4) There should be free, unchecked or unrestricted transfer of pollen from the male parent to the seed parent by 

natural agencies (wind, insects, etc.,)  

5) The male parent should produce abundant pollen and the female parent should be capable of producing large 

quantity of seeds per flower or per inflorescence.  

6) Prolonged receptivity of stigma and viability of pollen will help in effective cross pollination.  

7) In case of cytoplasmic male sterility, the male sterility should be cent per cent and completely devoid of pollen 

shedders and it must have effective fertility restoration system.    

8) The production of hybrid seed should be cost-effective to the seed producer and the productivity level of the 

hybrid crop should be cost-effective and profitable to the farmer.  

Success of commercial exploitation of heterosis in a new biological system depends upon the following:   

1) Development of a suitable male sterility system for economic exploitation of heterosis  

2) Development of high yielding hybrids  

3) Optimization of seed production package  

4) Standardization of production package for cultivation of hybrids  

Heterosis concepts – Recent trends   

 It may be presumed that different genetic systems governing different characteristics may complement in the 

hybrid to finally manifest heterosis. Nature of heterosis can, therefore, be better understood by studying its 

expression at the cellular and genomic levels. Heterosis at the molecular level has a direct bearing on the 

physiological advantages in the hybrid through regulation of metabolism and morphogenesis. More recently, 

efforts have been made at the molecular level and the results suggest the significance of both the regulatory 

proteins (and their encoding codes) and the mechanisms of regulation of gene activity in manifestation of 

heterosis.   

 New bio techniques offer attractive alternatives to traditional methods for characterizing inbred lines, 

creation of heterotic gene pools and engineering and transferring male sterility systems and can hasten the 

pace and reduce costs of developing F1 hybrids.   The selection of inbred lines / parents of a hybrid is a crucial 

first step as the performance of the hybrids depend greatly on the genetic diversity. DNA based markers like 

RFLP, AFLP, RAPD, microsatellites etc. have now made it possible to detect polymorphism and genetic diversity 

among inbred lines. Also, the pace of inbred line development can be improved substantially by the ability to 

produce doubled haploid plants as methods to produce haploids in economically important crops are now well 

established. Doubled haploids also facilitate the selection of major gene loci and help in increasing the 

efficiency of early generation selection for quantitative traits.   

 Male sterility can be induced by anther culture, somatic cell culture and somatic hybridization. The most 

significant development is the possibility of engineering male sterility by inserting cloned gene sequences 

which can disrupt any or more than one step during micro sporogenesis. Also it will be possible to engineer self 

incompatibility in self compatible crop plants for the purpose of hybrid seed production.   
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 Ability to fix F1 heterosis is likely to have the greatest impact in crop breeding since the development of the 

three lines hybrid seed production system. Attempts are being made to transfer apomictic genes from wild 

species and the techniques of cell culture are expected to trace, clone and transfer the genes cause apomixis.   

 The production of somatic embryos and their conversion into artificial or synthetic seeds has a great potential 

to multiply true to type hybrids.   

 The molecular approach through biotechnology has emerged as yet another source of development of hybrids 

after identification of recombinase gene. The identification of precise exchange of DNA sequences between 

chromosomal and newly introduced DNA molecules during 1995 made the hope for this approach.   

 The recent advent of molecular linkage maps has made it possible to detect and individually analyse the loci 

underlying heterosis .   

 In future, it is anticipated that knowledge from genome studies will improve the efficiency of heterosis 

breeding in numerous ways. In particular, marker mediated modification of superior hybrids will likely to pay 

off in the near future. In the long run, genome research will provide possibilities for engineering hybrids on the 

basis detailed knowledge using a combination of techniques.   

Heterosis in Major Agricultural Crops 

1. RICE 

Exploitation of heterosis in rice has become imperative due to plateau trend of yield in high productivity areas, 

decreasing and degrading land, water, labor and other inputs and also due to increasing population pressure. 

Success of commercial exploitation of heterosis in a new biological system depends upon the following 

important factors.  

1) Development of a suitable male sterility system for economic exploitation of heterosis  

2) Development of high yielding hybrids  

3) Optimization of seed production package  

4) Standardization of production package for cultivation of hybrids  

Male sterility system in Rice 

At present, two approaches, viz., three line system of heterosis breeding or cytoplasmic genetic male sterile 

system and two line system of heterosis breeding are being followed in rice.  

Three – line approach or CGMS system 

The rice hybrids in cultivation in India at present are based on three lines via (1) Cytoplasmic Generic Male 

sterile line or A line (2) Maintainer line or B line and (3) Restorer line or R line.  In CGMS system, the sterility / 

fertility is due to interaction   of nuclear gene with the cytoplasm.  In A line, the sterility is based on wild 

abortive (WA) cytosterility system and the nucleus contains recessive fertility restorer genes.  The maintainer 

line or B line contains normal cytoplasm and recessive fertility restorer genes. Hence it is fertile.  The 

cytoplasmic male sterile line and maintainer line are exactly same genetically.  They differ only in cytoplasm 

content.  The restorer line possesses fertility restoring genes in dominant conditions.  The cytoplasm may be 

either sterility inducing or normal one.  In hybrid seed production, A line is crossed with R line and for 

production of seed of female parent, A line is crossed with maintainer parent.  
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Development of high yielding combinations  

 As a result of concerted, goal oriented, time bound and coordinated efforts, many heterotic combinations 

have been identified in the country for commercial exploitation of heterosis in rice. So far 17 hybrids have 

been released for commercial cultivation from 1994 to 2003 by respective State Variety Release Committees.  

Optimization of seed production package  

The following are the guidelines for hybrid rice seed production  

1) Selecting seed and pollen parents that bloom at the same time during the day  

2) Synchronizing heading time of  two parents by seeding or transplanting them at different dates, depending on 

their growth duration  

3) Setting optimum seed parent to pollen parent ratio  

4) Clipping flag leaves to promote cross pollination  

5) Using gibberellic acid to improve panicle exertion and prolong duration of flower opening  

6) Using a rope or stick to supplement pollen dispersal. 

Two line Approach in Heterosis breeding  

 The two line method of heterosis breeding is a potential tool to overcome some of the limitations associated 

with the three line system. The alteration of fertility / sterility in response to environmental factors, 

particularly with response to temperature and photoperiod, is utilized in two-line breeding .At a particular 

critical temperature or photoperiod certain genotypes become male sterile and these genotypes can be used 

as female parent in the development of hybrids, while at an another temperature or photoperiod, the same 

lines will become fertile and can be multiplied without a maintainer line. This type of male sterility is referred 

as environment sensitive genic male sterility (EGMS). As only two lines are needed to produce hybrids, this 

system is called two line heterosis breeding. This system has been extensively followed in China for developing 

hybrids and at present about seven million hectares are under commercial cultivation of two line hybrids.   

2. WHEAT  

Wheat is a unique food crop as it can be consumed in the form of innumerable products.  It is consumed by 

nearly 35% of the world population and provides over 20% of the calorie requirements.  India contributes 

about 12 per cent in worlds wheat production and ranks second to China. Three mechanisms have been used 

to facilitate the production of F1 hybrid varieties of wheat.  These methods utilize, respectively, cytoplasmic 

male sterility (CMS), genic male sterility (GMS), and chemical hybridizing agents (CHA).   

Possibility of using hybrid vigour in wheat  

 Picket and Galwey  have reviewed the work on hybrid wheat. They opined that out of the three methods i.e. 

cytoplasmic male sterility, nuclear male sterility and use of chemical hybridizing agents used in hybrid wheat 

seed production, none is distinctly more advantageous over others.  The major biological and environmental 

constraints in seed production preclude reliable seed supply as well as yield benefits often do not justify the 

cost of producing hybrid seed.  They concluded that case for commercializing hybrid wheat is not strong 

enough unless the bio-technology is able to significantly reduce the cost of seed production.  



Ph ton eBooks                                                                                                                                                    14 

 

 Undoubtedly, seed production is a serious difficulty for hybrid wheat.  Clearly, there is no robust system, 

applicable to all environments, able to produce consistent quantities of high quality seed.  The measures 

currently available to maximize seed production include a careful choice of parental material and the choice of 

environments with an optimum and predictable climate.  However, the first of these may exclude certain 

otherwise good hybrids, whilst the second is likely to increase the cost of seed.  

 

3. SESAMUM 

Sesame (Sesamum indicum L.) is one of the ancient crops grown in India which considered to be a major 

centre of genetic diversity.  India is the largest producer of sesame in the world with an area of 2.2 million 

hectares and production of about a million tonnes. To exploit hybrid vigour the following few conditions 

should be considered:  

 

1) Presence of heterosis for yield  

2) Identification of specific combinations of parents for exploitation of heterosis  

3) Techniques  for producing hybrid seed involves  

4) Artificial emasculation and pollination techniques  

5) Use of genetic male sterility  

6) Use of cytoplasmic male sterility  

Extent of heterosis in Sesame  

 Murthy (1975) reported 33 per cent heterosis for yield and number of capsules / plant however, insignificant 

heterosis for oil content.  Dixit (1976) observed 77 per cent higher yield in 6 F1s than best parent. Osman 

(1980) recorded mean heterosis 51.3% and significant higher oil content than parents.  Krishnaswamy et al 

(1985) reported heterosis in seed yield 50 to 355 per cent.  

Extent of natural cross pollination  

 Sesamum is considered as a self pollinated crop.  The extent of cross pollination depends on local conditions 

and insect population.  The average outcrossing in India is 5 per cent although it can occur to the extent of 1 to 

65 per cent.  

Use of genetic male sterility (GMS)  

 The use of genetic male sterility (GMS) for production of hybrid seed is not as efficient as the use of 

cytoplasmic male sterility (CMS) coupled with the use of fertility restorer genes.  The latter is not available in 

sesame.  Thus the genetic male sterility could provide the initial practical approach for the production of 

hybrid sesame seed.  

 A breeder would develop F1 lines heterozygous at the male sterility locus (MS ms).  These F1 lines would be 

male fertile and would produce F2 seeds and after planting in F2 segregate in 3:1 ratio for fertility and sterility.  

These F2 populations having 25 per cent male sterile plants would be used as female parent in the crossing 

block for the commercial production of hybrid.  Rows of such female parents would be interplanted with the 

rows of normal male fertile lines.  Soon after the initiation of flowering and during the period of flowering all 
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male fertile segregants would be rogued out from the female parent rows, leaving only the male sterile plants.  

These male sterile plants will produce more flowers and more seed set per plant after cross pollination due to 

insects from male fertile parents.  The seed obtained will have MS ms genotype at the sterility locus which will 

be used for commercial planting.   

Cytoplasmic genetic male sterility (CMS)  

 Commercial production of hybrid seed of sesame utilizing cytoplasmic male sterility would be more desirable 

but it has not yet been reported. Interspecific hybridization (S. malabaricum x S. indicum) and back crossing 

the progenies   enhanced pollen sterility. Through interspecific hybridization CMS lines were developed in 

crops like cotton, sunflower, Brassica etc., Little attempts have  been made in this direction in sesame.  So 

attempts should be made to develop cytoplasmic genetic male sterility lines in sesame as it is the most widely 

used tool for hybrid seed production in many other crops.  

4. SORGHUM  

 Sorghum is one among the five major cereals of the world, being grown extensively in tropical and subtropical 

environments. It is the staple food crop for a large section of people and also a main source of fodder, feed 

and industrial raw material. The discovery of cytoplasmic genetic male sterility in sorghum  and its subsequent 

development for hybrid seed production made possible the mass production of F1 hybrids and basic revolution 

in sorghum cultivation.  Hybrid sorghum is a good example of what can be done with a crop when available 

information from research is used intelligently.  In sorghum milo cytoplasm remains the principle mean of 

inducing male sterility for hybrid seed production.  All commercial hybrids of sorghum developed to date are 

based on milo kafir system.  In recent years, cytoplasmic uniformity has been recognized as a potential danger 

to the stability of crop production.  Lack of genetic diversity is a major bottle neck in developing better hybrids.  

The milo kafir system exhibits very low genotype x environmental interactions.  Hence sorghum hybrids with 

necessary diversity to withstand biological and environmental hazards must be produced.    

Types of Male Sterility in Sorghum   

Two types of male sterility are known in Sorghum:    

1) Genetic Male Sterility (GMS) and  

2) Cytoplasmic-Genetic Male Sterility (CGMS)  

Genetic Male Sterility  

 Genetic male sterility is generally caused by a single recessive gene.  Plants possessing two recessive alleles 

(homozygous) exhibit male sterility, while plants possessing two dominant alleles or one dominant and 

recessive allele each (heterozygous) exhibit male fertility.  Male-sterile stock can be obtained by crossing male-

sterile plants with heterozygous fertile plants.  Half of the progeny from such crosses are male sterile and half 

are male fertile (heterozygous).  There are several single genes that cause male sterility in Sorghum (Doggett, 

1988). Male sterility caused by ms3, ms7, and al genes has been used in breeding random mating populations 

or composites.  However, it is difficult and uneconomical to use genetic male sterility systems for large-scale 

production of hybrid seed because genetic male-sterile plants are available only among segregating 

populations.  If such male-sterile plants and heterozygous fertile plants could be identified before flowering 

stage (by a closely linked gene or some pleiotropic effect of the male-sterile gene), the task of producing 
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hybrid seed in bulk quantities would be easy.  Instead, commercial sorghum hybrid seed is produced by 

exploiting the phenomenon of cytoplasmic-genetic male sterility.  

Cytoplasmic-Genetic Male Sterility  

 Male sterility caused by an interaction of sterility-inducing factors in the nucleus is called Cytoplasmic – 

Genetic Male Sterility.  In sorghum, one such system was discovered in progenies of crosses between two 

cultivars, Milo and Kafir, which were fully fertile.    The F2 generation of the cross Milo (J) x Kafir (K) exhibited 

some male-sterile plants (25%) whereas the progenies of reciprocal cross, Kafir (J) x Milo (K), were all fertile.    

 Male sterility was expressed only when Milo was used as a female parent thereby indicating the importance 

of the Milo cytoplasm. The male–sterile segregants from the Milo x Kafir cross produced male sterile hybrids 

when crossed with the Kafir parent and fully fertile hybrids when crossed with the Milo parent.  Thus it was 

recognized that Kafir could be used as a maintainer of this source of cytoplasmic-genetic male sterility.  During 

the fertilization process, the embryo is formed by a union of the ovum, which contains the cytoplasm and the 

egg nucleus (nuclear factors from the female parent), and the sperm, which contributes only nuclear factor of 

the male parent.  It was therefore concluded that the Milo parent had a male sterility-inducing cytoplasm and 

dominant genes for pollen fertility whereas the Kafir parent contained a normal (fertile) cytoplasm but 

recessive (male-sterile) genes.  All progenies of the Milo x Kafir cross contained Milo cytoplasm, but those that 

also inherited homozygous recessive genes from the Kafir parent were male sterile.  Male sterility was thus 

demonstrated to the result of interaction of the Milo cytoplasm and recessive Kafir genes.  

5. Cotton  

 Cotton is one of the oldest crops in which heterosis in interspecific crosses of Gossypium hirsutum ⋅ G. 

barbadense was observed almost 95 years ago.  The commercial significance of hybrid cotton is presently 

limited to only a few countries.  Hybrid cotton came of age when Patel (1981) developed highly superior yield 

characteristics in Hybrid 4 (H 4). This hybrid had extraordinary yield potential, excellent adaptability, and good 

quality.  Apart from higher yields, hybrid 4 productions provided additional benefit by ensuring gainful 

employment to a rich pool of unskilled manual labour for the emasculation and pollination work involved in 

seed production.  

Magnitude and nature of heterosis  

 Levels of heterosis in modern American cultivars and found average F1 superiority to be about 15%.  Heterosis 

to be primarily governed by additive variation in the upland hybrids they tested, and the parent with the 

highest general combining ability showed the maximum positive heterosis for yield. Most of their superior 

combinations involved at least one parent that had good general combining ability (GCA).  No specific 

combining ability (SCA) was found in any case where both parents were good general combiners; and other 

combinations showed significant SCA in the absence of GCA.  In diallel crosses covering a wide range of upland 

cottons, only the bolls per plant trait showed a level of SCA that was both significant and of large magnitude 

relative to the GCA component.  There is further evidence that the number of bolls set on hybrid plants is 

probably the yield component that predominantly determines the value of a particular hybrid combination.    

Heterosis for bolls per plant was recorded to be 19.3%.  Heterosis for boll weight is generally identified as a 

secondary component contributing to yield increase in upland hybrids.  However, Singh (1982) reported a 
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significant exception to this rule in the performance of Roil 3 as a hybrid parent because only 1 of 15 hybrids 

produced by this variety showed heterosis for bolls per plant.  Significant heterobeltiosis for seed cotton yield 

per plant, number of bolls per plant, boll weight, and staple length was also reported in intraspecific hybrids of 

G. hirsutum.  

 

 

 

Heterosis for seed yield and quality  

 Emphasis in cotton breeding has always been on lint production or lint quality, yet the seed is still potentially a 

major source of protein for human food.  Hybrids have a distinct advantage in this respect, since heterosis for 

seed yield is generally higher than for lint yield.  

Cotton seed is also a major source of edible oil.  Heterosis for oil content in intra hirsutum hybrids.  

Geographically diverse parents showed a positive gain in their F2 oil percentage in bolls on F1 plants.  General 

combining ability was found to be more important for all traits in F1 including for oil and seed size in F2.  

Associations of oil content and oil index with lint yield and fibre quality attributes were not found to be 

significant. Moderate heritability (25%) was observed for oil content, but higher GCA and SCA effects were 

found for oil index.  In G. arboreum intraspecific crosses, Singh and Narayanan indicate that heterosis for seed 

oil content is governed by non-additive factors.  

 Progress is being made in Texas and elsewhere in the transfer of seed glandlessness from G. sturtianum to 

commercial tetraploid cotton.  This will have real importance, since plants carrying the sturtianum glandless 

gene can be glanded in growing leaves, squares, and bolls, thus being much better protected against insect 

feeding than other glandless seed types that also have glandless foliage and fruits.  

Male sterility in cotton 

In cotton, CGMS system is developed by introgressing the genome of one species into the cytoplasmic 

background of another species. From 1970 onwards, Meyer in USA developed several cytoplasms viz., G. 

barbadense, G. tomentosum, G. arboreum, G. herbaceum, G. anomalum, G. longicalyx and G .harknessii and G. 

hirsutum and developed a series of CMS systems out of which the one with cytoplasm of D2=Z  G. harknessii 

and its fertility restorer dominant ‘F’ is now popular in India. This system was developed by repeated 

backcrossing, testing and selection in G. hirsutum genome. Genetic analysis proved that its fertility can be 

restored by one or two dominant genes. One RAPD marker linked with this fertility restoring gene has been 

identified.  

As an effort to identify restorers for G. harknessii cytoplasm Shanthi (2000) crossed three CMS lines with 40 G. 

hirsutum accessions. Ten lines were found to partially restore the fertility, out of these ten lines four lines viz., 

7H, 24H, 25H and 32H recorded high selfed seed set and pollen abundancy. The genetic diversity analysis 

carried out using the polymorphic bands of RAPD indicated similarity of newly identified ‘R’ lines with the 

known restorers, while seven lines were distinct from the already proven restorers.   

The other CMS lines which are being used belong to G. trilobum and G. aridum cytoplasmic sources with better 

restorers, which are under evaluation. CMS lines developed in the cotton is listed in Table.  
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List of cytoplasmic male sterile lines developed in cotton  

Name   Cytoplasm   Fertility expression   

C 9 G.anomalum  Partially sterile   

--  G.arboreum  Partially sterile  

P 24 – 6A  G.arboreum  Partially sterile  

HAMS 16,277  G.harknessii  Sterility, restorer developed  

--  G.hirsutum  Sterility, restorer developed  

104 –7A  G.hirsutum  Sterility, restorer developed  

--  G.trilobum  Gametophyte sterile   

Jin – A  Unknown   Completely sterile   

 

Future thrust  

1) Development of intra hirsutum medium staple hybrids with 150-160 days duration combining high yield and 

pest and disease resistance superior to existing ones in northern states in India and to popularize them among 

the farmers.    

2) Desi cotton hybrids with medium and superior medium staple for the rainfed cotton areas with high yield 

potential in central and southern India.  

3) Developing suitable short season intra hirsutum hybrids with compact plant type and early maturity for the 

rice fallow tracts and new irrigation projects.  

4) Basic researches on male sterility, pollination mechanism and seed plot management for reducing the cost of 

hybrid seeds and improving the quality of seed for planting.  

5) Development of plant type suitable for mechanical picking.  

6) To establish mutually beneficial linkage between private and public sectors to synergize research and 

development of hybrid cotton, especially the production and distribution of quality seed.  

6. Sugarcane  

 Sugarcane is a commercially important agro-industrial crop as a source of sugar, which are both a 

sweetener and a source of energy.  Sugarcane being one of the most efficient converters of solar energy into 

dry matter and the economic product being the vegetative stem enhances the chances of exploiting hybrid 

vigour more effectively.  The following phenomena facilitate the exploitation of heterosis in sugarcane.  

High polyploidy  

High chromosome numbers  

Free crossing among various species and related genera  

Normal meiosis even in distant hybrids  

Capacity to function normally with increased or decreased chromosome numbers.  

2n + n transmission in distant species crosses  
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Limited or low segmental interchanges between various genomes within a hybrid due to autosyndetic pairing. 

Large number of spikelets in an inflorescence, which flower at different times and individual protogynous 

florets.  

 All these factors make sugarcane an ideal crop, where heterosis has been exploited right from the early days 

when organised breeding programmes were started. In addition, breeding programmes also emphasize on 

choice of parents based on genetic distance and on combining ability.  

Conclusion 

Heterosis has been responsible for much of the annual yield gains in maize, sorghum and sunflower, but its 

effect was indirect. Its indirect benefits include 1) precise genotype identification and multiplication 2) 

breeders of hybrid crops can react faster and with more options to meet changing times and changing 

demands 3) Farmers can easily identify hybrids compared to their open pollinated varieties 4) the prospect of 

annual seed sales at profitable prices attracts private capital to hybrid breeding and sales. Certain aspects of 

plant improvement that “Exact knowledge is inessential” – otherwise plant breeding would be impossible and 

there are situations in which it is perfectly reasonable to disregard formal genetics as such and talk in terms of 

a workable statistical abstraction. The development of inbreeding and out breeding methods in exploiting the 

poorly understood phenomenon of heterosis serves as an excellent historical example of a pragmatic merger 

between science and technology in the service of agriculture and humankind.   
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CHAPTER-2 

MODERN  CONCEPTS  OF HETEROSIS  

Introduction  

 In general, plants and animals usually have two systems of mating namely, inbreeding and out breeding. Out 

breeding describes mating between individuals not closely related.  Inbreeding, the anti-thesis of out breeding, 

means, mating together of individuals that are closely related by common ancestry. These definitions indicate 

that inbreeding and out breeding as concepts must be understood in relative sense rather than absolute sense.   

It is thus evident that there may be various grades inbreeding depending up on the closeness of the 

relationship varying from self-fertilization in many plants and a few animals through brother and sister and 

mating, to the mating of distant cousins. Inbreeding, therefore can be defined at two levels; one, based on the 

mating system with reference to close relationship of mating individuals and the other at the genic level, in 

which case, the genes passed down to the progeny are the replicates of the same given by the parents or not. 

Inbreeding can occur in plants through either selfing or biparental inbreeding. Because normally out crossing 

species with consistently large population sizes accumulate many deleterious recessive alleles, such 

populations are potentially subject to intense inbreeding if population size suddenly declines. Small 

populations inherently suffer greater levels of inbreeding resulting in homozygosity and decreased mean 

population fitness known as inbreeding depression. Among Plants, inbreeding depression may be manifest as 

reduction in seed set, total mass of seeds, average seed mass, percentage germination, survivorship, and/or 

growth. Increased offspring number and increased offspring fitness via heterosis are often considered to be 

two of the chief benefits of outcrossing. Conversely, outcrossing can result in a fitness decline known as out 

breeding depression, particularly if there exists highly local adaptation within populations. Out breeding 

depression has been found in a variety of plant species.  

The relative magnitudes of inbreeding and out breeding depression may be a crucial factor determining the 

outcome of attemptsto reestablishes populations of threatened or endangered species. If inbreeding 

depression is far stronger than out breeding depression, reestablishment of viable populations should be more 

likely if individuals from multiple populations are used; if the converses true, success should be more likely if 

individuals from a single population are used. 

Inbreeding   

 Inbreeding means mating together of individuals that are closely related by common ancestry. When we say 

individuals with common ancestry, we mean that they may both carry replicates of one of the genes present in 

the ancestor, and when they mate, they pass on these replicates to their off-spring. Thus, off springs produced 

by inbreeding may carry two alleles at a locus that are replicates of one and the same gene in a previous 

generation.   
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a) Alike in state  

 Two genes are regarded as being identical if they are functionally same i.e. they cannot be separated in their 

phenotypic effects. In other words, they have the same allelic state; individual carrying a pair of such alike in 

state genes (also called independent genes because the genes may have independent origin but are 

functionally same) is called independent homozygote.   

b) Identical by descent   

 It means identity due to replication. If two genes originated from the replication of the same gene in the 

previous generation, they are said to be identical by descent and the individual carrying two such identical 

genes at a locus is called identical homozygote.   

Degrees of Inbreeding Depression 

The various plant species differ considerably in their response to inbreeding. Inbreeding depression may range 

from very high to very low or it many even be absent. The inbreeding depression observed in various plant 

species may be grouped into the following four broad categories: (1) high inbreeding depression, (2) moderate 

inbreeding depression, (3) low inbreeding depression, and (4) absence of inbreeding depression.  

High Inbreeding Depression  

 Several plant species, e.g alfalfa (M. sativa), carrot (D. Carota), hayfield tarweed etc., show very high 

inbreeding depression. A large proportion of plants produced by selfing show lethal characteristics and do not 

survive. The loss in vigour and fertility is so great that very few lines can be maintained after 3 to 4 generations 

of inbreeding. The lines that do survive show greatly reduced yields, generally less than 25 per cent of the yield 

of open-pollinated varieties.  

Moderate Inbreeding Depression  

 Many crop species, such as, maize (Z.may),jowar (S. bicolor), bajra (P.americanum) etc. show moderate 

inbreeding depression. Many lethal and sublethal types appear in the selfed progeny, but a substantial 

proportion of the population can be maintained under self-pollination. There is appreciable reduction in 

fertility and many lines reproduce so poorly that they are lost. However, a large number of inbred lines can be 

obtained, which yield upto 50 per cent of the open-pollinated varieties. Production and maintenance of inbred 

lines are relatively easier in these species than in those showing a high degree of inbreeding.  

Low Inbreeding Depression  

 Several crop plants, e.g. onion (A.cepa), many cucurbits, rye (S. cereale), sunflower (H. annus), hemp 

(C.sativa), timothy grass etc., show only a small degree of inbreeding depression. Only a small proportion of 

the plants show lethal or subvital characteristics. The loss in vigour and fertility is small; rarely a line cannot be 

maintained due to poor fertility. The reduction in yield due to inbreeding is small or absent. Some of the 

inbred lines may yield as much as the open-pollinated varieties from which they were developed.  

Lack of Inbreeding Depression  

 The self-pollinated species do not show inbreeding depression, although they do show heterosis. It is because 

these species reproduce by self-fertilization and, as a result, have developed homozygous balance. In contrast, 

the cross pollinated species exhibit heterozygous balance. 
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Coefficient of inbreeding   

 This measures the degree of relationship between mating individuals. It has been defined in various ways by 

different authors. Wright first defined it as the correlation between uniting gametes and represented it as F. 

Following Male’cot and Crow, inbreeding coefficient may be defined as the probability that the two genes at 

any one locus in an individual are identical by descent. Thus, it refers to an individual expressing the degree of 

relationship between its parents. If the parents mated at random, then the coefficient of inbreeding of the 

progeny is the probability that two gametes taken at random from the parent generation carry identical genes 

at a locus.  

As we know that inbreeding leads to homozygosity, inbreeding coefficient, therefore, is a measure of the 

proportion by which heterozygosity has been reduced by inbreeding.   

 If an individual is inbred, its parents must have been related; if they are related then they must have one or 

more ancestors in common. An inbred individual, on an average, is more homozygous as it is likely to receive 

an identical gene from each parent, who in turn received it from a common ancestor.   

Intensity of inbreeding (Rate of inbreeding)   

Different methods of inbreeding i.e. different systems of mating, affects the consequence of inbreeding in a 

population. By intensity of inbreeding it is implied the proportional increase in the frequency of homozygotes 

in relation to heterozygotes in relation to heterozygotes in each cycle of inbreeding. Selfing is the closest 

method of inbreeding. However, slower approach to inbreeding can be undertaken by following half-sib and 

full-sib mating. Sibbing leads to slower attainment of homozygosity in successive generations as compared to 

selfing. Gene frequency, however, remains constant in the two methods.   

Effects of Inbreeding  

In breeding is generally accompanied with a reduction in vigour and reproductive capacity, that is, fertility. 

There is a general reduction in the size of various plant parts and in yield. In many species, harmful recessive 

alleles appear after selfing; plants or lines carrying them usually do not survive. The effects of inbreeding may 

be summarized as under.  

Appearance of Lethal and Sub lethal Alleles  

 Inbreeding results in the appearance of lethal (leading to death), sub lethal and sub vital (reducing survival 

and reproduction rate) characteristics. Such characteristics include chlorophyll deficiencies, e.g. albina, chloria 

etc. rootless seedlings, defects in flower structure etc. Generally, plants carrying such characteristics cannot be 

maintained and are lost from the population.  

Reduction in Vigour  

 There is a general reduction in the vigour of the population. Plants become shorter and weaker because of a 

general reduction in the size of various plant parts.  

Reduction in Reproductive Ability  

 The reproductive ability of the population decreased rapidly. Many lines (Plant progenies) reproduce so poorly 

that they cannot be maintained. In most of the crops, only a small number of inbred lines have enough fertility 

to be easily maintained and to be useful in breeding programs.  
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Separation of the Population into Distinct Lines  

 The population rapidly separates into phenotypically distinct lines. This is because of an increase in 

homozygosity due to which there is a random fixation of various alleles in different lines. Therefore, the lines 

differ in their genotype and, consequently, in phenotype. This leads to an increase in the variance of the 

population as a whole.  

Increase in Homozygosity  

 Each line becomes increasingly homozygous following inbreeding. Consequently, the variation within a line 

decreases rapidly. Ultimately, after 7 to 8 generations of selfing, the lines become almost uniform, since they 

approach complete homozygosity (>99 per cent homozygosity). The liens which are almost homozygous due to 

continued inbreeding and are maintained through close inbreeding are known as inbred lines or inbred. Inbred 

lines have to be maintained by strict in breeding, preferably by selfing, in order to keep them homozygous.  

Reduction in Yield  

 Inbreeding generally leads to a loss in yield. The inbred lines that is able to survive and be maintained yield 

much less than the open-pollinated varieties from which they were derived. In maize, the best inbred lines 

yield about half as much as the open pollinated varieties from which they were produced. In alfalfa and carrot, 

the reduction in yield is much greater, while in onions and many cucurbits the reduction in yield is very small.  

Consequences of inbreeding   

 There has been a tendency to associate inbreeding with harmful biological effects in plant and animals based 

on observations of smaller size, lessened vigour, reduced fertility and increased lethality in inbred generations. 

This fact has been reinforced by judgments and statements of several biological scientists including Charles 

Darwin who stated that “nature abhors perpetual self-fertilization”. This, however, does not mean that 

inbreeding creates any weaknesses or defects. What inbreeding does is to expose the harmful effects of the 

deleterious recessive genes already present by bringing them into homozygous situation. Inbreeding also 

brings about considerable changes in the population. The various consequences of inbreeding are summarized 

as follows.   

Increase in homozygosity  

The outstanding genetic effect of inbreeding is homozygosis. In other words, it brings numerous loci into 

homozygous state. As selfing continues, proportion of heterozygotes will be reduced by half in each 

succeeding generation with corresponding increase in homozygous.   

Exposing recessive characters   

 One of the reasons why deleterious characters are associated with inbreeding is that most deleterious 

characters are recessive in nature. Inbreeding causes homozygosis for both dominant as well as recessive 

traits. In a non-inbred or random mated population, deleterious recessive genes are concealed by their normal 

dominant alleles in heterozygous constitution. These recessive genes, when they come into homozygous state, 

express the deleterious traits. Inbreeding, therefore, exposes the recessive traits.   

Fixation of genotypes   

 In a random mated population, variability is locked up in heterozygous equilibrium. When such a population is 

exposed to inbreeding, dispersion takes place and variability is released in the form of both homozygotes and 
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heterozygotes. This free variability is fixed in the form of homozygotes while a part of the variability is still 

locked up in heterozygous state. As inbreeding continues, more of the free variability gets fixed up in the form 

of homozygotes. Inbreeding, therefore, breaks up the population into fixed sub populations each of which 

breed true.   

Inbreeding depression   

 Continuous inbreeding leads to progressive deterioration in performance of the subsequent progenies.   

Reduction in fitness   

 Inbreeding results into loss of fitness of the population as a whole. The progressive increase in homozygosity 

and consequent loss of heterozygosity reduces the buffering capacity which is supposed to arise from 

heterozygous loci.   

Purification of types   

 Since inbreeding breaks up the population into true breeding homozygous sub populations, it is useful for 

establishing pure types which will be genetically as well as phenotypically uniform.   

Increase in environmental variability   

 One of the indirect features of inbreeding depression may be an increased variability of environmental origin. 

One interpretation is that while genetic variation decreases as higher levels of homozygosity is reached, the 

generally reduced vitality of inbred individuals make them more susceptible to uncontrolled fluctuations in the 

environment and thus produce a greater range of phenotypic expression of the metric traits. It is the lower 

adaptedness of the highly homozygous individuals that lead to an increase in environmental variance. 

Conversely, the loss of heterozygosity tends to reduce buffering properties of the individuals from a normally 

highly heterozygous situation so that low viability and increased variance are not cause and effect but are 

concomitant consequences of inbreeding.   

Inbreeding Depression   

 The most revealing impact of inbreeding is the loss of vigour and physiological efficiency of the organisms, 

characterized by reduction in size and fecundity, etc. The most striking consequence of inbreeding – the 

reduction in mean phenotypic value shown by characters connected with reproductive capacity or 

physiological efficiency is termed as inbreeding depression. Deterioration of population subjected to continued 

consanguineous mating have been observed since the birth of civilization. Inbreeding depression and heterosis 

are opposites in their manifest effect. In self-pollinated species, inbreeding is a natural process and such 

species get accustomed to it during their course of evolution. Inbreeding depression is usually overcome by 

crossing when lost vigour is restored. This fact may, therefore, suggest that there may exist inter-relationship 

between inbreeding depression and heterosis.   

 A number of weak and lethal segregants and staglers (defectives) appear in the population which has 

undergone inbreeding (generally referred to as selfing). This loss of fitness in the progenies or decline in trait 

expression with decreased heterozygosity arising from consanguineous mating is known as inbreeding 

depression or Inbreeding decline. Haldane had aptly summed up his intensive inbreeding experiments – 

“inbreeding proved to be disastrous – the enemy of vigour and yield”.   
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Inbreeding in Relation to Mating Systems  

The effect of inbreeding (selfing) is pretty variable in different crops belonging to diverse breeding systems, 

such as self and cross pollinated ones. The inbreeding depression in most pronounced in allogamous crops (like 

maize, pearl millet, alfalfa etc); while it is greatly tolerated in autogamous crops (like wheat, rice, barley, etc.). 

Exceptions, however, are not ruled out. For instance, some out breeders, such as cucurbits, sunflower and 

hemp do not exhibit tangible loss of vigour on inbreeding. Actually, the decline in vigour is associated with the 

number of heterozygous loci which are exposed on selfing. The cross-pollinated crops carry a heavy load of 

lethal recessives under the shelter of heterozygosity (genetic load). The resulting weak inbreed lines in these 

crops are promptly eliminated by natural selection and the surviving breeding populations are derived almost 

exclusively as a consequence of natural out-crossing. Therefore, heterozygosity in otherwise self-fertile out 

breeding crops perpetuates as a joint venture of breeding system and selection.   

[ 
On the other hand, in self-pollinated crops inbreeding is of no consequence insofar as the loss of vigour is 

concerned. This is so because almost all the genes are maintained in the homozygous state. As Stebbins has 

indicated that in breeders are often derived from out breeders during the course of evolution, the recessive 

homozygotes would; have been wiped out under natural conditions and dominant homozygotes persisted. 

Ultimately, according to Mather’s (1943) homozygous balance theory, these crops would have been 

genetically reorganized so as to become adapted to homozygosity. Based on differences in the breeding 

behaviour and its influence on genetic system (regulation of variability), as judged by conclusive 

experimentation, the cross-pollinated crop plants can be grouped for inbreeding depression  

1. Crops intolerant to in breeding :   

A regular inbreeding tends to wipe out the lines concerned, since loss of vigour is very drastic and damaging or 

it may not be tolerated much. Thus two types of crops can be delineated:  

a) Where inbreeding is regularly deleterious not more than two selfing are tolerated, as in hayfield, far weed and 

alfalfa.   

b) Where inbreeding is sometimes deleterious – three or more selfing are tolerated, as in carryout.   

2. Crops Tolerant to in breeding  :  

Though inbreeding results in a substantial loss of vigour, lines can be maintained as inbreds by regular selfing 

as long as desired. The example is crops like pearl millet, onion, maize, rye, timothy, smooth broom grass, 

orchard grass, etc. The out breeding cucurbits, hemp and sunflower mentioned earlier are as good as self-

pollinated crops. It is these crops where a huge inbred stock can be developed for suitable exploitation in crop 

improvement programme.   

Inbreeding for Crop Improvement   

Darwin concluded, “Free crossing is a danger on one side, which everyone can see, too close inbreeding is a 

hidden danger on the other”. However, inbreeding depression (injurious effect of inbreeding) is not produce 

by the process of inbreeding itself; it is a consequence of the segregation of heterozygous loci in the original 

population as stated earlier. Nevertheless, the consequences of inbreeding are of great significance in plant 

breeding as under.   
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1. Inbreeding tends to increase the genetic correlation between relatives and in turn, brings about an increase in 

the prepotency. The latter determines precisely the success of pure-line breeding for improvement of the self-

pollinated crops.   

2. Since inbreeding splits the population into genetically divergent families with little additive variance at intra-

family level but ample variability at inter-family level, selection is effective only for between-family, and not for 

within family.   

3. Inbreeding is useful for progeny-testing, since close inbreeding (selfing) is the only effective method of 

differentiating heritable differences from non-heritable differences.   

4. Inbreeding is used to develop inbreds in cross-pollinated crops for different purposes. Evidences are available 

that the frequency of haploids is increased by homozygosity resulting from self-pollination in sweet com. This 

is of great importance for the rapid development of inbred stocks. Thus, the role of inbreeding in plant 

breeding is to provide the basic material for breeding procedures.  

The incidence of inbreeding  

 Extreme in breeding as represented by self-fertilization is relatively uncommon, particularly in the animal 

kingdom. Probably the only genuine examples of self fertilization in animals are the parasitic tapeworms. Care 

must be taken to distinguish self-fertilization from parthenogenesis reproduction, for example Rotifers, Aphids, 

Daphnia in which there is no fusion of gametes. In tapeworms, eggs are fertilized by sperm from the same 

animal, although possibly from a different proglottid. Clearly this is an adaptation to its parasitic mode life, in 

which the chances of cross-fertilization with another tapeworm almost negligible.  

 Perpetual self-fertilization occurs in a number of plants. In flowering plants this may occur by the transference 

to pollen to the stigma of the same flower. In some cases self-fertilization takes place even before the flowers 

open. Eg: wood sorrel. Other examples of perpetual self-fertilization takes place even tomatoes and quite a 

large no. of species of grasses. Stebbins has classified a number of species of grasses according to their pattern 

of fertilization and life history.  

 Perennials    Annuals  

Almost always S.F.         5    37  

Some S.F.       40     3  

Always C.F.       26      0  

S.F. self fertilization CF: cross fertilization  

 There appears to be a tendency for the annuals to self fertilize and perennials to cross-fertilize some or all of 

the time. It is suggested that annuals cannot offered to rush cross-fertilization, since if they fail to set seeds 

they will perish. Perennials live for several years and can therefore afford the more risky process of cross 

fertilization in order to obtain variability. Annuals tend to sacrifice variability in order to ensure the production 

of seed.  

Deleterious Effects of Inbreeding  

 Plant species such as maize and rye, which are typical cross fertilizers, can be induced to self-fertilize. The first 

effect of such action is to drastically reduce the amount of seed set. Plants which are raised from this seed will 
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be significantly reduced vigour in growth than the parental stock. If inbreeding is continued for successive 

generations this reduction in vigour becomes gradually more pronounced until what is termed the inbreeding 

minimum is reached. After this point, continued in breeding does not lead to any further degeneration. Before 

this point is reached, however, the original species will have separate into a number of more or less distinct 

lines, each with characteristic properties. Each line will be show decrease in vigour when compared with the 

parental stock, although the extent of the decrease will vary.  

 In the vast majority of the animals the perishability of self-fertilization has been eliminated, but similar effects 

are obtained by matings between brother and sisters, so called sib-mating. Sib-mating in experimental animals 

such as rats and Drosophila leads to an inbreeding minimum of the same kind found in plants. The number of 

generations required to reach the inbreeding minimum, is however, much greater in sib-matings than in self-

fertilization. Also in animals the characteristic decrease in vigour may not be found in all the lines produced by 

successive inbreeding; some may have normal vitality.  In man the situation is more or less the same, although 

the degree of inbreeding has been greatly reduced by religious and cultural barriers in most societies. For 

instance, sib-mating is not tolerated in most societies, and in certain cases this prohibitions have not always 

been the case. The Ptolemy dynasty of Ancient Egypt was maintained by sibmating to prevent dilution of the 

“royal blood”. A certain degree of inbreeding is characteristic of small population which are isolated either 

geographically, as on islands or valleys, or socially, as by nationality or religion. In a study of the populations of 

two islands of the west coast of Sweden, it was found that particular hereditary mental disease occurred at 

high frequency in these populations. In fact the frequency of many hereditary defects or diseases seems to be 

higher among isolated populations than it is in the main population. This indicates that high frequency of 

deleterious effects may be associated with in breeding.  

 It also seems likely that inbreeding in man, as in other animals and plants, leads to formation of distinct lines, 

which may have considerable differences from one another. This can be seen in the south American Andes, 

where there are large number of Indian tribes living in the different valleys and regions. Substantial differences 

in physical features, mental abilities and general viability are said to occur between the tribes. It is suggested 

that the existence of these tribes may be due to inbreeding within small isolated populations, giving a number 

of distinct genetic lines.  

Inbreeding leads to Homozygosis  

 We can conclude from the previous section that inbreeding leads to the increase in the appearance of 

deleterious traits. We must now determine whether it is inbreeding itself which is harmful, or whether it leads 

to further effects which are responsible for the appearances of degenerative characteristics.  

 In fact that varying degrees of Inbreeding are used either perpetually or occasionally by a significant number 

of organisms would suggest that, in itself, it is not harmful. We have already come across several groups of 

plants were self-pollination is the rule and has no obvious harmful effects. In the breeding of domestic animals 

particularly dogs a high degree of inbreeding is used and this does not always have adverse consequence. 

Although the example of domesticated animals are bred may be attractive or useful as for as man is 

concerned, but many of them would certainly be harmful if the animals in question were taken out of this 

highly protective domesticated environment.The relationship between in breeding and the appearance of 
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deleterious characters lie in the fact that it tends to increase the proportion of homozygous organisms within a 

population (i.e. its homozygosity). Consequently it will also reduce the proportion of heterozygous organisms 

(i.e. heterozygosity of the population).  

 Fig.1 in Frame A shows a theoretical series of crosses involving the alleles A and a.starting with an entirely 

heterozygous population and carrying out successive ‘selfings’, we find that with each subsequent generation 

the proportion of heterozygotes falls, and the proportion of homozygotes rises. Here, we are considering only 

one pair of alleles, where s all organisms will contain a huge number of pairs of alleles considering and will be 

heterozygous for large number of them. Successive inbreeding leads therefore to the production of organisms 

which tend to be homozygous for many of their allele pairs, producing either the double dominant or the 

double recessive alleles.  

Fig. 1 The effect of successive inbreeding on the proportion of heterozygotes to homozygotes in a 

population.  

 

 

All organisms possess alleles which produce harmful phenotypic characters. The effect will be vary from cases 

where the alleles causes a marginal phenotypic effect to those which are lethal. If the allele concerned is 

dominant then it will be expressed in the phenotype of the heterozygous organisms and will be removed from 

the population at a rate depending on the severity of the effect. If the deleterious allele is recessive, however, 

it will not appear in the population of heterozygote, only the homozygous recessive. Inbreeding leads to 

formation of organisms which are homozygous for particular alleles and therefore it is much more likely that 

recessive, deleterious alleles will be expressed in the phenotype of an inbred population. It should be made 

clear that all recessive are free to appear in this way, and occasionally beneficial ones come to light. Also 

inbreeding does not create harmful recessive alleles; it merely leads to increased homozygosity which allows 

them to show up phenotype.  
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Fixation of characters  

 The fact that inbreeding leads to increased homozygosis can also be used to explain the appearance of several 

distinct genetic lines amount inbred populations. If we take an organism which is heterozygous for two pairs of 

alleles AaBb. Successive in breeding will eventually result in four homozygous lines, AABB, aaBB, AAbb and 

aabb being formed. These lines would be phenotypically distinct and would breed true within them selves. 

Thus from our originally heterozygous type, inbreeding has lead to a fixation of characters to form four pure 

lines. Clearly many more than two pairs of alleles will be involved in any practical example, but the principle 

can still be applied of course, the larger the number of allele pairs, the longer the number of separate lines 

which can theoretically be produced by inbreeding.  

Such a fixation of genetic characters in distinct lines is of great importance from an evolutionary point of view. 

The formation of a new species is the key step in evolution; order for speciation to take place some forms of 

isolation of are breeding group from another such group is required. This prevents the exchange of genetic 

information between the groups, and allows them to become adopted to the environment along different 

lines. While it would be mistake to refer to the distinct lines produced as a result of inbreeding as separate 

species, it can be thought of as one mechanism by which reproductive isolation may be created. Clearly in 

those plants which perpetually self fertilize the concept of a reproductive isolated group which may go on to 

form a species is not a valid one. However, in organisms which may inbred occasionally, perhaps as a response 

to the physical isolation or environmental stress, the formation of distinct lines may provide a basis upon 

which further differentiation into species may occur.  

Out Breeding   

Out breeding refers to mating together of individuals that are not closely related or in other words, are 

distantly related. A decrease in vigour due to inbreeding and increase in vigour due to crossing (two 

homozygous inbred lines) are manifestations of the same phenomenon, i.e. heterozygosis. Thus, heterosis one 

aspect of heterozygosis. Thus heterosis one aspect of heterozygosis, another being inbreeding depression, is 

the consequence of hybridization.   

Cross-pollination is the movement of pollen grains from one flower to another borne on the same or different 

plant of the same or allied species, regardless of whether the flower is bisexual or unisexual. This is 

accomplished chiefly by external agencies since floral-structure and physiological factors in this group of crops 

pose a great barrier to the occurrence of self-pollination.   

In out breeding two parents (male and female) are involved and, therefore, a mingling of the two sets of 

parental characters produces better progenies (offsprings).   

The Incidence of Outbreeding  

 Apart from the very rare exceptions, all animals are outbreeding to some degree. This is not only true of those 

which show clear sexual differentiation into male and female organisms, but also in hermaphrodite such as 

Hydra, lumbricus, helix and so on. Many of the fungi and algae possess distinct mating strains analogous to the 

separate sexes of higher organisms. In such heterothallic organisms sexual reproduction will only take place 

between the two mating strains thus ensuring out breeding. In the majority of higher plants outbreeding is the 

most common mode of reproduction and often there are elaborate mechanisms to ensure its occurrence.  
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Mechanisms Ensuring Out breeding  

 “Nature adhors perpetual self-fertilization” said Charles Darwin, who was evidently impressed by the variety 

and complexity of the mechanisms ensure outbreeding.  

Dioecism:  Male and female gametes are produced on separate individual. Eg. Date palm, Papaya.  

Protogyny and Protandry  

 The male gametes reaches maturity and are released long before the female gametes of the same organism 

are developed (Protandrous) as in Hydra and the female gametes are fully developed before the anthers are 

mature (Protogynous) as in Luzula (Woodrush) ensures cross pollination.  

Self-incompatibility  

Eg. Primula, Lythrum, Trifolium and Tobaco.  

Consequences Frequent out breeding tends to create and maintain a tremendous amount of genetic variability 

chiefly because of the high degree of heterozygosity in populations.  Actually, heterozygosity shelters a large 

number of recessives which otherwise may be wiped out, or promptly eliminated by selection when exposed 

by inbreeding. That is why, cross-fertilized heterozygous populations carry a great deal of balanced genetic 

load. The occurrence of heterozygosity due to out breeding prevents genetic stagnation. It renders the 

population fairly dynamic which can thus be manipulated in a desirable direction, because of these reasons in 

cross pollinated crops.   

i. Each variety is a highly random-pollinated population usually maintained at genic equilibrium in absence of 

selection.   

ii. An immense amount of genetic variability floats in crops at both intra-and interpopulation levels due to 

frequent random gene-flow among genotypes.   

iii.  Role of dominance is potential. Release of recessive alleles (often deleterious) on selfing lends credibility to 

this fact.   

iv. Too high a degree of panmixia (random pollination) among out breeding populations may lead to rapid non-

discrimination of population characteristics, or in other words, loss of genetic identify.   

v. The mating of phenotypically dissimilar individuals tends to reduce genetic correlation (rg) among progenies. 

Such a mating also tends to preserve genetic variation in small open-pollinated populations where allelic 

erosion is imminent due to genetic drift under domestication.   

vi. Inbreeding of cross-pollinated crops leads to a rapid loss of vigour. However, conclusive evidences indicate 

differential tolerance to inbreeding in different outbreed varieties. Where it is tolerated, such as in lines can be 

maintained by regular inbreeding coupled with selection.   

vii.  Hybridization between two inbreds usually leads to the recovery of the vigour lost by inbreeding.   

These consequences make outbreeders most exploitable for crop improvement. However, in contrast to 

selfers, improvement in outbreeders generally proceeds with inbreeding first for a few generations followed 

by hybridisation of inbred stocks later.   
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Hybrid Vigour   

When inbred lines are “out crossed” the F1 hybrids show a tremendous increase in vigour and viability. Even if 

the inbred lines have, after many years of inbreeding, become extremely degenerate, the F1 hybrids will at 

once show a return to full vigour. This phenomenon is termed hybrid vigour or heterosis.  

 Heterosis is of great practical importance. F1 hybrids are widely used in a large variety of crop plants, where 

their increased vigour leads to greater yields. The yields of maize varieties, grown as a staple of food crop in 

many parts of the world, have been multiplied by the use of F1 hybrids produced by outcrossing inbred line. 

Plants such as Tomates, which are spontaneously self-fertilizing, can also artificially out crossed to produce 

heavy- yielding F1 hybrids. Heterosis has also be observed in animals, indeed a possible example has been cited 

in man. Dahlberg has pointed out that the increase in the average height of the Swedish population during the 

last century may be due to heterosis. The isolation of communities has tended to break down with improved 

communications thus leading to an increase in the degree of out breeding. The outbreeding of previously 

inbred lines has led to heterosis expressed as an increase in height. Care must be taken in adopting this 

interpretation, since it is probably that environmental factors such as nutrition have also altered during this 

period, but it is an interesting suggestion.  

It should not be assumed that heterosis is manifested only as an increase in vigour of growth of size. In 

soybean hybrid, an increase in number of pods and seeds is seen, but there is not difference in overall size. In 

poultry, crosses between white leghorn and barred Plymouth rock strains show an increased fertility of the 

eggs produced.  

Inbreeding, outbreeding, and heterosis in the yellow pitcher plant, Sarracenia flava (Sarraceniaceae), in 

Virginia - a model system  

The yellow pitcher plant, Sarracenia flava L., a rhizomatousperennial insectivorous pitcher plant restricted to 

acid seepsand wetland pine savannas of the southeastern United States,is listed as an S1 or extremely rare and 

critically imperiledspecies in Virginia by the Division of Natural Heritage (Killeffer,1999). Historically, 17 

populations of S. flava were known toexist in eight counties in the southeastern coastal plain ofVirginia with 

three additional sites discovered during fieldwork in the 1980s (Fernald, 1937a, b, 1939, 1947; Harper,1904; 

Lewis, 1936; Sheridan, 1986, 1993, 1994). Today, thereare only four known natural populations in Virginia 

totallingfewer than 100 clumps. Whether new S. flava populations shouldbe established using progenitors 

from one or multiple populationswill depend, in part, on the relative magnitudes of inbreedingand 

outbreeding depression within existing populations. In a study, the following questions were asked (1) Is 

thereevidence of inbreeding depression and/or outbreeding depressionamong existing populations of S. flava 

in Virginia and, if so,what are the relative magnitudes of inbreeding and outbreedingdepression? (2) Is 

inbreeding and/or outbreeding depressionmanifested as reduction in seed set, total mass of seeds, 

averageseed mass, percentage germination, survivorship, and/or growth? 

Species that have long been obligate outcrossers often harborso many recessive alleles that self-fertilization 

results ina great reduction in vigor at one or many lifehistory stages(Stebbins, 1974; Wright, 1977a; Schemske, 

1983). The structureof S. flava flowers encourages cross pollination, which is accomplishedprimarily by queen 

Bombus bees (Schnell, 1976, 1983). Basedon allozyme analysis, Godt and Hamrick (1996) determined 
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thatSarracenia jonesii and S. oreophila are indeed highly outcrossed.These authors also lamented the lack of 

work on relative fitnessof inbred and outcrossed Sarracenia progeny. 

Relativeto outcrossed S. flava capsules on the same plant, self-pollinatedcapsules displayed reductions of 65–

76% in total seedset and 63–71% in total seed mass. That reduced offspringquantity is due at least in part to 

inbreeding depression, ratherthan simply to partial self-incompatibility, is suggested bythe corresponding 

decrease in offspring quality. Relative toseeds from intersite outcrossed capsules, seeds from 

selfpollinatedcapsules weighed, on average, 17% less. More importantly, relativeto both types of outcrossed 

capsules, germination of seeds fromself-pollinated capsules was reduced by 48–50%, survivorshipwas reduced 

by 25–34%, and growth over a 5-yr period wasreduced by 16–38%. 

If one accepts that the life history of an organism is a reflectionof a cascade of molecular events mediated by 

the genome, thenit is not surprising that inbreeding depression was manifestin several life-history stages in S. 

flava. In this study, thecumulative inbreeding depression for self-pollinated S. flavawas 93% relative to 

intrasite crosses and 94% relative to intersitecrosses. Sarracenia flava appears to be particularly vulnerableto 

inbreeding depression; Schemske (1983)reported figures ashigh as 56% in Costus spp. and Schoen (1983)as 

much as 44%inbreeding depression over the life cycle of Gilia achilleifolia. 

Although we have not yet been able to evaluate flower, fruit,and seed production on the progeny from self-

pollinated plants,other studies indicate a strong effect late in the plant's lifecycle (Toppings, 1989; Dudash, 

1990; Fenster, 1991). Inbreedingdepression and heterosis may depend also on the environment,with the most 

pronounced effects occurring under stressful conditions(Parsons, 1971; Charlesworth and Charlesworth, 1987) 

or fieldconditions (Kohn, 1988; Dudash, 1990). If additional reductionsin fitness for self-pollinated S. flava 

progeny occur in thereproductive phase and under field conditions, then selectionagainst selfing would be 

even stronger. 

In contrast, North Carolina S. flava populationsdisplayed no disadvantage of selfing vs. intrasite outcrossingin 

terms of seed set, seed size, or seed quality over 25 yr(Schnell, 1983). Further research on the regional nature 

ofinbreeding depression in S. flava may therefore be warranted. 

Conservation 

However, Barrett and Kohn (1991) point out that "the attempt to preserve population differentiation may 

conflict with practicesaimed at species preservation...in the long-term, species conservation is, in general, of 

greater importance. Attempts to preserve population distinctiveness should be undertaken only when theydo 

not endanger species conservation." The most vigorous S. flava offspring are produced by intersite crosses. 

Therefore, conservation biologists working with rarepitcher plant species may find that the best approach for 

establishing vigorous pitcher plant colonies is to allow intersite crossingof regional populations. Godt and 

Hamrick (1999)commented onthe need to maintain populations at census sizes to reduce thepossibility of 

demographic extinction and encouraged the useof different source propagules for restoration.   

Restoration efforts are most likely to succeed in areaswith a large population of outcrossing pollinators (e.g., 

bumblebees), particularly if populations contain plants gathered frommultiple existing sites. As little as a few 

pollen dispersalevents per generation per population may suffice to maintainhistoric levels of gene flow 

(Ellstrand and Elam, 1993) andprevent inbreeding depression in these Virginia populations. 



Ph ton eBooks                                                                                                                                                    34 

 

Plants from sites located in Dinwiddie,Greensville, Prince George, Sussex counties, and the city ofSuffolk were 

tested for the effects of self-pollination, intrasiteoutcrossing, and intersite outcrossing on offspring 

quantity(total seed number and total seed mass) and offspring quality(avarage seed mass, germination, and 

growth). 

Self-pollination resulted in significantly lower offspring quantityand quality. Total seed number and total seed 

mass for self-pollinatedcapsules were approximately one-fourth that of outcrossed capsules.Germination, 

survivorship, and growth over 5 yr were also significantlylower for offspring from self-pollinated capsules. 

Together, these results suggest strong inbreeding depression in this species. Relative to offspring from intrasite 

crosses, offspring fromintersite crosses were significantly larger after 5 yr of growth.This suggests that 

restoration efforts for Virginia S. flavawill be most successful when plants from multiple sites are used. 
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CHAPTER-3 

GENETIC DIVERSITY AND HETEROSIS 

 

Heterosis (usually considered to be synonymous with hybrid vigour) is one of the primary 

reasons for the success of the commercial industry as well as for the success of plant 

breeding endeavors in many agricultural and horticultural crop plants. The discovery of 

cytoplasmic male sterility in most of the crops provided the required break through for 

heterosis breeding. Concerted efforts were made in this direction, to develop and evaluate 

hybrids using different cms and fertility restorer lines. However, in pursuit of taking the 

program of hybrids to logical ends, choice of suitable parents through careful and critical 

evaluation of current material is of paramount importance. This is because per se 

performance of parents is not always a true indicator of its potential in hybrid combinations.   

There are several criteria by which a breeder can choose suitable parents for successful 

hybridization, of which the two important are (i) combining ability of parents and (ii) genetic 

diversity between the parents. Most often, combining ability has been extensively used by 

plant breeders to select suitable parents for realizing high frequency of heterotic hybrids. 

However, genetic diversity of parents is equally important, as pointed by Hayes and Johnson 

for corn.            

Knowledge on genetic diversity is often of crucial importance in maximizing genetic 

response. In plants the genetic distance analysis is commonly used for identification of 

heterotic groups, and identification of lines/hybrids. In animals, the genetic distance analysis 

is used for biodiversity, heterosis and identification studies.   

Genetic diversity in the expression of heterosis  

The genetic basis of heterosis lies primarily in the inter allelic and / or intra allelic genetic 

differences among the parents. Therefore, combinations of genetically diverse parents are 

likely to give more heterotic hybrids than those genetically    related. Hybrids showing 

strong heterosis were usually developed from parental lines diverse in genetic similarity, 

ecotype, geographic origin etc., Hence genetic diversity may be related to the  geographic 

origin of the parental lines. However, internationalization of plant breeding efforts and 

massive exchange of unimproved and improved germplasm throughout the world may not 

always reflect the genetic diversity among parents of different geographic origin. On the 

other hand, extensive hybridization in several national and international breeding programs 
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around the world has created vast genetic diversity among the lines developed under given 

geographic conditions and one can expect genetic diversity among parents from the same 

geographic origin.  

Genetic diversity and distance analysis  

Genetic diversity can be measured by morphological traits and pedigree records and also by 

biotechnological tools such as protein and isozyme markers and molecular markers.  

Morphological traits and pedigree records  

Mahalanobis generalized distance (D 2 statistics) based multivariate analysis is used to 

estimate the genetic diversity by classifying prospective parents of hybrids into various 

genetically diverse cultures. It is one of the potent techniques of measuring genetic 

divergence using morphological traits and therefore extensively used in plant breeding.  

Selected genotypes are evaluated in replicated trails and observations are recorded on 

various quantitative characters.  Computed D2 values are used to group the genotypes into 

different clusters on a dendrogram.  Genotypes falling in the same cluster are likely to be 

more closely related than genotypes of other clusters.  

Although morphological traits have proved to be useful for classifying different races of 

genotypes and population (Goodman and Brown) it may not be appropriate for elite 

breeding germplasm.  In addition, morphological characters can be affected by 

environmental condition.  

Pedigree relationship often serve as standards to test the effectiveness of morphological 

and biochemical markers in determining relationships among lines and predicating 

heterosis.  Nevertheless, estimates of distance measures based on pedigree have several 

shortcomings.  Some of the assumptions made in the calculation of pedigree relatedness 

may not be valid particularly the assumptions of equal contribution from parents and lack of 

selection in derivation of new lines. Furthermore, pedigree relationship may be unavailable 

and erroneous.  

Protein and Isozyme markers  

Proteins, the products of specific genes can be separated by electrophoresis to determine 

the presence or absence of specific allele that is coding for the protein.  Isozymes are 

enzymes that exist with different structures but with same enzymatic activity. These 
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markers have the limitations such as low level of polymorphism, failure  to detect 

polymorphism due to single base substitutions.  

Markers at DNA level  

The availability of wide range of restriction enzymes has opened the door to carry out the 

genome analysis with great precision using cloned unique sequences as probes against gels 

of restricted nuclear DNA – the segregation of innumerable loci can be monitored and 

mapped. The following are the list of molecular markers available at DNA level for genetic 

diversity analysis.  

1. Restriction Fragment Length Polymorphism  

2. Randomly Amplified Polymorphic DNA  

3. Sequence Tagged Sites   

4. Sequence Characterized Amplified Regions  

5. Variable Number Tandem Repeats  

6. Amplified Fragment Length Polymorphism  

7. Inter-simple sequence repeats (ISSR)  

The Isozyme polymorphism in parents and hybrids in relation to heterosis for quantitative 

traits has been studied by a number of researchers in different crops. The recently 

developed Random Amplified Polymorphic DNA (RAPD) based on polymerase chain reaction 

has been readily adopted in gene mapping and finger printing studies.  

By using the AFLP technique it is possible to obtain genetic information per fingerprinted 

individual or pools of individuals without the need of genetic knowledge such as sequences. 

The data set is analyzed to obtain information on the genetic relationship between lines or 

varieties, the genetic distance, and it is visualized by dendrograms.  

AFLP fingerprinting will be performed using set fingerprints known to generate a high 

number of markers, which are randomly distributed over the genome. Approximately 100 

bands per fingerprint are expected. However the number of markers found depends on the 

organism chosen and the genetic diversity between the chosen samples. Only a few leaf 

punches or a few seeds are required as starting material. For an efficient genetic diversity 

and distance analysis it can be necessary to perform a prescreening on few individuals. By 

using the prescreening it will be possible to select the most informative fingerprints e.g. the 

fingerprint, which can differentiate between the highest numbers of (pools of) individuals, 
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thereby reducing the cost per sample. After the generation of the marker data set similarity 

matrices are calculated using different coefficients.  

Rice  

Rice germplasm collection in India is considered as a rich source of diversity due to the 

existence of high degree of phenotypic variability. Genetic diversity in Rice has been studied 

by various means such as biometrical analysis, biochemical analysis (isozyme) and molecular 

markers (RAPD). Isozymes have been utilized for the classification of varieties within Oryza 

sativa. The recently developed RAPD technology was feasible for the identification of the 

phylogenetic relationship among rice varieties. Zhang  studied the relationship between 

marker genotype heterozygosity and heterosis in yield from a diallel cross involving eight 

indica type parental lines commonly used in hybrid rice breeding programmes in China. DNA 

polymorphism has been utilized to study genetic diversity and its relationship to heterosis in 

rice.  Diverse pool of parents in breeding three-line and two line Philippine hybrids, of which 

more than 20% of hybrids showed at least 20% superiority over the male parent for number 

of productive tillers, spikelet number, grain weight, and grain yield. Restorer frequency was 

19% while maintainer frequency was 28%. 

To predict heterosis, they investigated its correlation with microsatellite marker 

heterozygosity for eight quantitative traits. F1 heterozygosity was deduced from parental 

genotypes of up to 108 microsatellite loci spanning the 12 rice chromosomes. In three-line 

hybrids, SSR heterozygosity and heterotic performance were significantly correlated for the 

number of productive tillers per plant (r=0.37*), leaf area index (r=0.34*), and grain yield 

(r=-0.30*). Further analysis showed that the correlation of heterozygosity with heterosis 

was significant for maturity (r=0.60*) and was highly significant for leaf area index 

(r=0.45**) and number of productive tillers per plant (r=0.43**) when only hybrids with 

positive heterosis were analyzed. Results suggest that the relationship of parental genetic 

divergence with heterosis levels in hybrid offspring may vary with the germplasm assayed 

and that prediction of heterosis may be difficult using random molecular marker data.   

Wheat  

It is important to estimate the genetic diversity between the parents for improving the 

heterosis of hybrid wheat.  ISSR (inter-simple sequence repeat) marker to measure the 

genetic diversity within and among common wheat (Triticumaestivum L.), spelt (Triticum 
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spelta L.), compactum (Triticum compactum Host.) and progeny of foreign wheat-based 

recurrent selection, and the possibility of establishing the new heterotic group was also 

assessed. Forty-seven genotypes were used for ISSR analysis, which included 14 common 

wheat, 10 spelt wheat, 11 compactum and 12 progeny of recurrent selection. Eleven of 33 

ISSR primers that can produce distinguishable bands were selected for PCR amplification. It 

was found that the mean genetic distance between different wheat types (0.3115-0.3442) 

was obviously higher than that within common wheat (0.2743), spelt (0.2351), compactum 

(0.2622). In addition, progeny of recurrent selection also showed much higher genetic 

distance with other three wheat types (0.3217, 0.3256, 0.3198). The cluster analysis was 

performed based on the genetic distance (GD) matrix by using UPGMA method. Common 

wheat, spelt, compactum and progeny of recurrent selection were classified into four 

different groups. It was concluded that spelt, compactum and progeny of recurrent 

selection could be used to diversify the genetic basis for hybrid wheat breeding and improve 

heterosis. It is possible to establish the wheat heterotic group by ISSR marker.  

Fabrizius, hypothesized that an increase in genetic distance between parents will positively 

increase heterosis for grain yield in the resulting hybrid or bulk population. Positive 

associations between morphological genetic distance and heterosis have been found among 

crosses in winter wheat (r 0.46, Cox and Murphy), spring wheat (r = 0.45,) and oat (Avena 

sativa L.).Although these positive associations were significant, the majority of the variation 

for heterosis remained unexplained. The association between heterosis and genetic 

distance based on pedigree was small or non-existent in hard red winter wheat, soft wheat, 

and oat.   

 Maize  

 Several studies have shown that inbred lines from diverse populations tend to be more 

productive than crosses between inbred lines from the same variety. There was evidence in 

the early studies on varietal hybrids that greater heterosis was consistently expressed in the 

crosses of different endosperm types, such as flint x dent and dent x flour. However, the 

races of maize from central and south America, reported that the crosses among flint, dent 

and flour endosperm types were as productive as crosses among races within one kernel 

type. Genetic diversity was inferred from geographical origin and ancestral relationships. 

Heterosis increased as presumed genetic diversity increased, but it decreased in the crosses 
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of varieties that were assumed to be extremely diverse. There seems to be an optimal level 

of diversity beyond which heterosis does not increase, or may even decrease. This may be 

due to the breakup of coadapted gene complexes, epistasis, or physiological incompatibility.  

 The order of parents in the complex hybrids is very important and is related to genetic 

diversity among parents. In double-cross hybrid breeding, if lines I1 and I2 have been 

derived from one source and lines I11 and I12 from another, the highest-yielding double 

crosses of these lines is likely to be  (I1 x I2) x (I11 x I12) rather than the other two double 

crosses. The underlying idea is to combine related inbreds to develop parental single crosses 

so that the differences between parental single cross and the expression of heterosis in 

double cross are maximized. Considering three way crosses (I1 x I2) x I 12 is expected to be 

higher yielding than (I1 x I12) x I2 and (I2 x I12) x I1.  

Estimation of genetic diversity and distance among tropicalmaize (Zea mays L.) lines and the 

correlation between geneticdistance (GD) and hybrid performance would determine 

breedingstrategies, classify inbred lines, define heterotic groups,and predict future hybrid 

performance. Genetic diversity for restriction fragment length polymorphisms(RFLPs) within 

a set of tropical lines; (ii) GD and classifythe lines according to their GD; and (iii) correlation 

betweenthe GD and hybrid performance, heterosis, Seventeenlowland, white tropical 

inbred lines were represented in a diallelstudy. Inbred lines and hybrids were evaluated in 

12 stressand nonstress environments. The expression of heterosis wasgreater under 

drought stress and smaller under low N environmentsthan under nonstress environments. A 

set of DNA markers identifying81 loci was used to fingerprint the 17 lines. The level of 

geneticdiversity was high, with 4.65 alleles/locus and polymorphisminformation content 

(PIC) values ranging from 0.11 to 0.82.Genomic regions with quantitative trait loci (QTL) for 

droughttolerance previously identified showed lower genetic diversity.Genetic distance 

based on RFLP marker data classified the inbredlines in accordance with their pedigree. 

Positive correlationwas found between GD and F1 performance (F1), SCA, 

midparentheterosis (MPH) and high-parent heterosis (HPH). Specific combiningability had 

the strongest correlation with GD. Environment significantlyaffected the correlations 

between F1, SCA, MPH, and HPH, withlower values of GD revealed in the more stressed 

conditions. 
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Avena barbata  

Avena barbata, a tetraploid grass, is much more widely adapted and successful in forming 

dense stands than its diploid ancestors. The success of such polyploids has often been 

attributed to heterosis associated with ability to breed true for a highly heterozygous state 

in which allelic differences between the parents are fixed in the polyploid by chromosome 

doubling. The relationship between genetic diversity and adaptedness for 14 allozyme loci in 

A. barbata and its diploid ancestors in samples collected from diverse habitats in Israel and 

Spain. The relationship varied from locus to locus: superior adaptedness was associated with 

genetic uniformity for five loci, in part with genetic uniformity and in part with genetic 

diversity (monomorphism for a single heteroallelic quadriplex) for one locus, and with allelic 

diversity in the form of heteroallelic quadriplexes combined with genotypic diversity in the 

form of complex polymorphisms among different homoallelic and/or heteroallelic 

quadriplexes for the eight remaining loci. These results indicate that allelic diversity fixed in 

nonsegregating form through chromosome doubling was an important factor in the 

evolution of adaptedness in A. barbata. However, it is unlikely that heterosis associated with 

heterozygosity contributed significantly to superior adaptedness in either the diploids or the 

tetraploid because virtually all loci (approximately 99%) were homozygous in the Avena 

diploids and tetraploid.  

Sunflower  

The level of heterosis based on genetic divergence through regression analysis in sunflower 

was studied by Mohan rao.  One hundred and forty crosses involving 10 lines and 14 testers 

were effected and evaluated for ten quantitative traits. Better parent heterosis (BPH) of 

crosses was estimated and correlated with genetic divergence between parents as 

measured by Mahalanobi’s D2 statistic. The relationship between characterwise parental 

divergence and better parent heterosis only for five important characters viz., plant height, 

head diameter, seed yield, oil content and oil yield was determined using linear regression 

and curvilinear regression of second degree. The estimates of better parent heterosis 

significantly regressed towards the genetic distance of the parents. However it was not 

enough for successful prediction of heterosis through either linear or curvilinear regression 

of second degree as indicated from highly significant chi-square values for observed and 

predicted estimates of heterosis for al these characters.  
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Rapeseed  

Relationships between heterosis and genetic distance were studied in rapeseed (Brassica 

napus L.), a partially autogamous plant. In their study, genetic distance was measured by a 

kinship coefficient based on a derivation from Male cot. This coefficient is defined so that it 

varies from 0 (for sister lines from a completely inbred individual) to 1 (for lines with no 

common ancestor). They found that the best heterotic hybrids were obtained with lines 

unrelated and originating from two different geographic pools.  

Future outlook  

The magnitude of heterosis depends upon the genetic diversity between the two parents of 

the hybrid. In order to increase the genetic divergence continuous initiatives are necessary. 

Collection of improved lines, gene pools and germplasm from national and international 

sources, research networks, different research centres and through NBPGR and IBPGR can 

be encouraged.  Institutes marketing their own-bred lines are good sources to acquire 

parent lines for commercial hybrids. With the availability of modern molecular tools, 

scientists can begin to explore the phenomenon of heterosis with much greater precision. 

The dissection of this phenomenon into its individual genetic components should provide 

new approaches for the enhancement of future hybrids, which will help to guarantee a 

plentiful food supply for future generations      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph ton eBooks                                                                                                                                                    43 

 

CHAPTER-4 

 

 HETEROSIS IN LIGHT OF COMBINING ABILITY 

Introduction  

Clearly the selection of a parent or parents in a breeding programme is of major importance 

in determining the potential of the progeny. Parents transmit only their genes through 

gametes to their off springs, the value associated with the genes is known as the “average 

effect”.  The average effects of the parental genes determine the mean genotype value of its 

progeny.  The value of an individual judged by the mean value of its progeny is known as 

breeding value. Breeders cross two or more parents in order to create variability for a 

character which they wish to improve.  In this process they have to take decisions regarding 

the choice of parents to be employed for hybridization and the merit of the cross/crosses for 

effective breeding programme.  For simply inherited characters the choice of parents for 

hybridization may not pose serious problem.  However the task becomes difficult when the 

principal character is one such as grain yield.  It was recognized by the earlier breeders that 

for quantitative characters parents cannot be selected with confidence on the basis of their 

own performance.  In several cases it is observed that certain parents “nick” well when 

crossed and produce either a superior hybrid or a large number of superior segregates.   On 

the other hand certain crosses between equally desirable parents produce an array of 

disappointing progeny.  Normally breeders used to handle several populations 

simultaneously which takes much time, efforts and energy.  Therefore it is essential to 

understand the potentialities of the parents in advance in terms of their “breeding value” 

before commencing any breeding programme.  In this regard, analysis of combining ability 

and heterosis are found to be useful methods of evaluation in deciding the parents, crosses 

and further breeding programme.  Hence various concepts of combining ability and 

heterosis are reviewed here. 

Theoretical concepts of combining ability  

The ability of a line to transmit desirable performance to its progenies in crosses (or 

productivity in crosses) in known as combining ability.  Sprague and Tatum  used the terms, 

general combining ability (gca) and specific combining ability (sca).  The term general 

combining ability is used to designate the average performance of a line in hybrid 

combinations.  This mean performance of a line can  be statistically expressed as a deviation 
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from the mean of all F1s involving this line as a common parent.  The gca is attributed to 

additive effect of genes.   

The term specific combining ability is used to designate those crosses in which certain 

combinations do relatively better or worse than would expected on the basis of the average 

performance of the lines involved. Statistically, the deviations of the mean of a cross from 

the sum of the general combining abilities of two parents is the specific combining ability.  

The statistical background of general and specific combining ability concepts was developed 

by Sprague and Tatum and Griffing. However Griffing related general and specific combining 

ability to genetic components.  An understanding of both statistical and genetical 

interpretation of combining ability concept is necessary to achieve the plant breeding 

objectives.  

Combining ability – statistical basis  

In statistical terms, the general combining ability is analogous to main effect and specific 

combining ability is analogous to interaction effect of factorial design.  Obviously the metric 

value of a cross between i th and j th the line is partitioned as    

  Yij = m + gi + gj + sij + eij 

where m is the  overall mean, gi is the gca of i th  line (main effect), gj is the gca of j th  

line (main effect), Sij is the sca of i x jth cross (interaction effect) and eij is the environmental 

effect.  

Considering the two way array of cross developed by mating ‘f’ females and ‘m’ males, the 

least squares estimators of parameters are  

 

m = Y..  

 g i = Yi. - Y..  

 g j =   Yj  - Y..  

 s ij =   Yij - Yi. - Y.j  +Y..  

 

Where Y.. is the overall mean of all crosses, Yi.  is the mean of the crosses with i th  line as a 

common parent,  Y.j is the mean of the crosses with j th  line as a common parent and Y ij is 

the men of cross between i th  and j th  line.  

From the analysis of variance based on means (Yij), the total variance between crosses is 

broken into the components of variance as  Vp = Vgca i + Vgca j + V sca  + Ve  
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The degree of resemblance provides the means of partitioning the observational 

components into casual components of genetic variation.  The cross between i th  and j th  line 

yields one full  sib family.  A set of crosses having one parent in common can  be regarded as 

half-sib family.  The GCA and SCA variances can be translated into co variances of relatives 

particularly co variances of full and half sibs.  The covariance of half sib families is the 

variance of general combining ability.  The variance of specific combining ability is what is 

left of the total variance between crosses after subtracting variance due to combining ability 

of parents and environmental variance.  Thus  

 

V gca = CO V (HS) 

 

V sca = CO V (FS) – 2 COV (HS) 

 

Obviously general combining ability variance includes only additive variance (VA) and 

epistatic interactions of the type additive x additive (VAA), additive x additive x additive (VAAA) 

etc.  The variance of specific combining ability involves dominance variance (VD) and all 

types of epistatic components  additive x additive (VAA), additive x dominance (VAD), 

dominance x dominance (VDD) and so on.  Thus it is certainly possible to make direct 

inferences about nature of gene effects from combining ability.  

Four assumptions underlying the combining ability analysis operated through any factorial 

design (Griffing 1956 b and Kempthorne, 1957) are : 1) The set of parents is a random 

sample from a population of lines, 2) the population of lines is derived by imposing 

inbreeding system , 3)  segregation is normal diploid and    4)  linkage is absent.  

Statistical models and methods of combining ability estimation  

Two sets of sampling can be considered with regard to experimental material  

 

1. Fixed model (model I): In this the experimental materials or parental lines are 

deliberately chosen, such  analysis is really gamete combining ability analysis  

2. Random effect model (model II): Here the assumption is that the parental lines are a 

random sample of large population of lines  

Among several methods developed to estimate combining ability, the commonly used are    

 (i) Top cross     (v) Partial Diallel cross  

(ii) Poly cross     (vi)  Triallel and quadri-allel    

(iii) Line x tester    (vii) Immunology  
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(iv) Diallel cross   

 

The practical advantage of combining ability analysis is that the general and specific 

combining ability effects are very effective genetic  parameters of direct utility to decide the 

next phase of the breeding programme, such as hybrid or pure line breeding.  It also help to 

select parents for construction of synthetics and selection of suitable F1s for a multiple 

crossing.  

Recognition of heterosis concept  

Shull  from his experiments on selfing and out crossing in corn as well as Oenothera arrived 

at the following conclusions.  

i. Selfing tended to purity the strain and releases new variation  

ii. Self fertilized plants were weaker than corresponding  cross fertilized ones 

iii.  Each successive generation of close inbreeding further weakened the strain 

iv. It was possible to completely cancel in a single year, the accumulated 

deterioration through inbreeding by crossing the weakened pure strains  

Shull proposed the term “Heterosis” to represent both inbreeding deterioration and also 

increased vigour on crossing the purelines under the same phenomenon and suggested 

heterosis as a potent source of practical gains.  Shull explained the heterosis concept as 

“interpretation of increased vigour, size, fruit fullness, speed of development, resistance to 

diseases and insect pests or climatic vigour of any kind manifested by cross bred  organisms 

as compared with corresponding inbreds , as the specific results of unlikeness in the 

constituents of the uniting parental gametes”.  East and Hayes explained the concept as 

“decrease in vigour due to the inbreeding naturally cross pollinated species and the increase 

in vigour due to crossing naturally self fertilized species are manifestation of one and the 

same phenomenon termed as “heterozygosis”.  

Evolutionary concept of heterosis  

With advent of knowledge on the various aspects of heterosis, it has been considered as an 

important contrivance to aid evolution, acting as both creative as well as preservative force 

in nature.  According to Powell heterosis provides a genetic system for maintaining flexibility 

in natural populations.  Also it may be visualized that heterosis helps to create genetic elite 

in a population capable of possessing high fitness to adapt against adverse environments.  

Natural selection represents an unavoidable competitive screening process which culls out 
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the genetic elite created by heterotic combination of genes.  Nature steadily introduces 

balanced polymorphism to keep variance of fitness in the population.  Optimal degree of 

heterozygosity confers greater fitness to the individual thus making it a suitable candidate 

for evolution to act upon.  Evolutionary concept of heterosis therefore takes into account 

heterotic advantage in relation to preservation and evolution of species in nature.  

Genetic basis of heterosis  

Two principal hypotheses were put forward to explain heterosis and though each has its 

own drawbacks and objections, still they hold good.    

i. Dominance hypothesis : The assumptions involved in understanding of dominance    

hypothesis are a) genes governing vigour are beneficial and dominant in nature, where 

as recessives are deleterious and have detrimental  effect on heterosis, b) there is no 

nonallelic  interactions of alleles and there  is complete additively  of dominant gene 

effects and c) there is no linkage.  Davenport was the first to suggest the assumption. 

Support to Davenport came from Keeble and Pellow. Bruce gave mathematical 

explanation to this hypothesis.  

  eg,.            Inbred 1                   x          Inbred 2  

  aaBBccDDee                       AAbbCCddEE  

Unit contribution            1+2+1+2+1=7                     2+1+2+1+2=8  

  F 1 

AaBbCcDdEe  

  2+2+2+2+2=10   

Objections: 1. If heterosis is due to accumulation of dominant genes ,it should be 

possible to by selection to obtain inbred parent homozygous for all beneficial dominant 

genes and such  individual should have the same vigour as F 1 and true breeding .  

2.  If heterosis were solely due to independent dominant genes ,then the F 2 population 

should show skewed distribution since the dominant and recessive phenotypes would 

be distributed according to the binomial expansion (3/4 +1/4)n  wherein = no.of genes. 

ii. Over dominance hypothesis : The alternative hypothesis  proposed independently by 

Shull  and East assumed that there was a physiological stimulus to development that 

increased with the diversity of uniting gametes. In other words hybridity itself the state 
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of being heterozygous has a stimulating effect.  This has been called single gene 

heterosis, super dominance and stimulation of divergent alleles.  

Objection: Majority of the supportive evidences are the cases of single locus heterosis 

and it is often argued that what is true for qualitative traits may not hold good for 

expression of heterosis for quantitative traits  

Definite proof for either of these two hypotheses proposed for genetics basis of heterosis 

will be difficult to establish because of the complexity of the inheritance of quantitative 

traits.  

Genetic components of heterosis  when additive dominance model is adequate, to 

explain the inheritance of a character, then F 1 and P 1 may be expressed as  

 

F 1 = m + [ h]  

 P 1 = m + [d]  

 

The expected magnitude of positive heterosis is given by  

 

F 1 - P 1 = m + [ h] -  {m + [d]}  

 

= [ h] - [d]  

 

Thus for positive heterosis to occur [h] must be positive and greater in magnitude than [d].  

Similarly, expected magnitude of negative heterosis is given by  

 

F 1 - P 2 = m + [ h] -  {m - [d]}  

 

= [ h] - [- d]  

 

Negative heterosis is, therefore, likely to  occur if [h] is negative and higher in magnitude 

than [d]  

When additive –dominance model is not adequate, non-allelic interactions are 

indicated.  The  specifications become more complex and allowance has to be made for 

interaction between pairs of genes and their subsequent contribution to heterosis.  Under 

such situations, means of F 1 , P 1 and  P 2 may be  expressed as follows.  
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F 1 = m + [ h]+[ l ]  

 P 1 = m + [d] +[ i ]   P 2 = m 

- [d ] +[ i ]  

 

The expected magnitude of positive heterosis is given by  

 

F 1 - P 1 = m + [ h] + [l ] -  {m + [d]+ [ i ]}   

 = [ h] +[ l ] – { [d]+[i] }  

Hence, for positive heterosis to occur. [h] + [ l ] must be positive  and higher in magnitude 

than [d] + [ i ].  However, either [ h ] or [ l ] may be negative but not both, provided the 

balance is towards positive and the magnitude [ h ] + [ l ] exceeds [ d ] + [ i ].  The expected 

value of negative heterosis may be represented as :  

 

F 1 - P 2 = m + [ h] + [l ] -  {m - [d]+ [ i ]}  

 

= [ h] +[ l ] – { -[d]+[i] }  

 

Thus, for negative beterosis to occur, [ h ] + [ l ]) must be negative and higher in 

magnitude than -[d]) + [ i ].  However, either [h]) or [ l ] may be positive but not both so that 

balance  is towards negative.  

 In the presence of  non-allelic interaction, heterosis is likely to arise when one or both of the 

following two conditions are satisfied.  

I. Signs of [h] and [ l ] are in  the same direction i.e., epistasis is of  complementary 

type.  

II.  Pairs of genes showing epistasis must be thoroughly dispersed among the parents.  

This will ensure reduction in the magnitude of [d] and  [l] because their contribution  

to the degree of association will be small or zero. Also the contribution of  their 

interaction to (d) and (i) will be negligible.    

Biochemical and physiological manifestation of heterosis  

To achieve complete in sight of the phenomenon of heterosis, it is logical to study the 

biochemical aspects of heterosis under the broad frame work of the two basic genetic 

models of heterosis.  This is essential because the role of major metabolic enzymes and 

enzyme systems in the manifestation of heterotic effects has been recognized as the prime 

cause of heterosis.  Consequently the physiological basis of heterosis is in general, 
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concerned with metabolic superiority of the hybrid vigour over inbred parents and also the 

resultant effects on growth, size and other developmental characteristics.  

According to Bottle neck concept of heterosis (A. J. Mangelsdorf), excellence of a genotype, 

like a chain, depends not upon its strongest but upon its weakest links.  Here emphasis is 

laid not on the superiority of the hybrid but on the inferiority of parents, which are 

considered to be the bottlenecks represented by inefficient alleles.  For example we may 

visualize that two dominant genes A1 and B1 are required for the completion of a synthetic 

pathway. The homozygotes Ao Ao B1B1 and A1 A1 Bo Bo will fail to complete the pathway, as 

the genes Ao and Bo being deficient.  Here the alleles Ao and Bo are the bottle necks.  

Robbins provided the experimental  evidence in support of this concept through the 

experiment on growth of excised tomato roots with vitamins pyridoxine and nicotinomide.   

Biochemical manifestation of heterosis supporting over dominance or single locus heterosis 

have been carried out in Neurospora, an asocomycetous fungus having single set of genes in 

each nucleus.  The first report of enhanced growth representing heterosis came from 

heterocaryon between  types of N. tetrasperma by    Dodge.  Beadle and Coonaradt (1944) 

provided further evidences in this aspect.  The heterotic effects in growth encountered by 

them appear to have resulted from complementation of favourable dominant wild type 

alleles present in different nuclei in the heterokaryon.  

In higher plants based on available evidences of single locus allelic action, following four 

models have been suggested for heterozygote superiority.  

 

Sl.No  Models  

P roducts of 

genoty 

pes  

Ao Ao A1 A1 A1 Ao 

1.  Supplementary allelic 

action  

X Y X+Y  

2.  Alternate pathway  X in E1 Y in E2 X in E1 or   Y 

in E2 

3.  Optimal amount  0.1 x  2x  X  

4.  Hybrid substances  X  Y  X+Y+Z  

X,Y and Z represent different gene products, E1 and E2 are different environments  

 

Considering the complexity of metabolism and its subsequent effect on growth a 

single factor like enzyme, hormone or vitamin cannot be thought of as the universal 

underlying cause of hybrid vigour.  Biochemical models of heterosis therefore are closely 
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linked with physiological aspects of growth  which in turn may have considerable 

contribution to yield heterosis.  

Asbhy’s  hypothesis of “greater initial capital” was the earliest physiological basis of 

heterosis proposed which indicate that i) heterosis in hybrid results from the greater initial 

weight of the embryo (“initial capital”) resulting from some process between fertilization 

and maturation of seeds giving advantage throughout the growth, ii) hybrid vigour is nothing 

more than the maintenance of initial advantage in embryo size, iii) hybrids do not differ 

from their parents  in relative growth rate.  

Though this hypothesis was both supported and refuted by many scientists it provided the 

impetus for later work which were carried out in three stages namely   

i) from fertilization to the setting of seed 

ii) from germination to the onset of flowering and   

iii) from onset of flowering and  

iv)  from the onset of flowering to the end of life cycle.  

More physiological experiments on heterosis with respect to morphological traits connected 

with growth absorption of nutrients dry matter production mobilization of endosperm 

reserves and other metabolic process established considerable relationship between root 

weight, nutrient absorption per unit weight, shoot growth, photosynthetic activity, nutrient 

absorption, nutrient utilization and heterosis for yield in various crops.  

Organelle heterosis  

Mac Key classified heterosis originating from nuclear genes as “genomic heterosis” and that 

originating from cytoplasm as “plasmatic heterosis”.  The first mention of probable role of 

organelle in heterosis came from Jones and whaley.  Some of the evidences indicate that 

mitochondria may also determine heterosis.  

 Mitochondria from heterotic hybrids are polymorphic and superior to their parental inbred 

lines.  New types of mitochondria arise by some process of hybridization (Sarkissian and Mc. 

Daniel). Studies indicate that such mitochondria exhibit definite superiority in oxidative and 

phosphorylative activities. Caspari has suggested that mitochondria offer important 

mechanism in maintaining intra-cellular homeostasis and it may contribute to physiological 

superiority of heterozygote.  

Like mitochondria, chloroplasts being predominantly associated with photosynthesis may be 

persumed to exert their heterotic manifestation in higher photosynthetic rates and dry 
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matter production in heterotic hybrids.  Existence of polymorphism in  chloroplasts has been 

observed in wheat, barley, sorghum, pearl millet, sugarcane and maize.  The results of 

chloroplast complementation based on  Hill’s reaction and cyclic phosphorylation in maize 

showed 21-60% increased activity.  These enhanced activities have direct relationship with 

magnitude of heterosis for grain yield.  

Modern concepts of heterosis  

 Mackay has not only tried to bring about coherence between the evolutionary and genetic 

concepts but also has enlarged the two genetic theories to include all possible forms of gene 

interactions recombination and segregating.   He has also extended the concept to include 

heterosis originating from extra genomic sources and its transmission through sexual phase.  

He has classified heterosis as follows. 

 i) Heterosis based on direction  

Positive and negative heterosis are included in this sib division.  In the quantitative 

sense, this classification depends on whether the hybrid performance exceeds the mid 

parental or better parental performance (positive heterosis) and has lower value (negative  

heterosis)  However this does not imply that there are two different kinds of heterosis one 

positive and the other negative even though one appears to be the converse of the other.  

This fact draws support since a certain heterotic expression may be evaluated in entirely 

opposite ways under different situations.  For instance, Emsweller  found that hybrid 

seedlings from two Lillium species contained higher concentration of ferulic acid than the 

two parents indicating positive heterosis for this trait but the hybrids were found to exhibit 

malignancy.  Thus the expression of malignancy due to increased ferulic acid content may be 

considered as a case of negative heterosis. Mac Key suggest that this spontaneous 

oscillation from positive to negative heterosis may by considered to function as device for 

cyclic adjustment of gene frequencies in response to recurrent environmental changes.  

Heterosis based on function  

The expression of heterosis has been classified as 1)  Luxuriant,  2) Adaptive,  3) Selective 

and 4)  Reproductive.  Luxuriant heterosis represents hybrid vigour in size as well as yield 

and is often an evaluation restricted to one or a few characteristics which again can be 

positive luxuriance for one trait and negative for another.  Adaptive heterosis on the other 

hand takes into account advantages bestowed by fitness to the environment.  Selective 
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heterosis offers advantage in the  vegetative phase and not in generative phase.  Therefore 

it  reflects competitive ability and hence restricted to studies of populations.  Reproductive 

heterosis represents advantage in productivity.  In major economic crops for reproductive 

heterosis to be present and confer advantage to the hybrid it must be accompanied by 

adaptive, selective and luxuriant heterosis.  

iii) Heterosis based on transmissibility  

 Transmissibility refers to the sense that whether heterosis is fixable or unfixable through 

sexual phase.  Here there are two types   

Labile heterosis   

Heterosis which dissipates due to freely segregating heterosis in the next sexual generation.  

It therefore, includes the often  encountered heterozygous heterosis in higher plants.  

Fixed heterosis 

It includes those types of heterosis which are fixable by the various methods like asexual 

reproduction, genetic fixation and chromosomal mechanisms.  They may be fixable in 

balanced heterozygous or homologous homozygous conditions. 

Conclusion :  

 Breeders exercise selection in a variable population amidst several complexities and 

interactions.  As he has to study many populations in various generation, at a time, it is 

desirable to test the potentiality of parents and hybrids in the early generation namely F1. 

The success of genetic improvement depends on choice of base population and strength of 

combining ability tests.  Now, heterosis breeding also plays an important role in crop 

breeding.  Hence it is essential on the part of a breeder to recognize promising parents and 

nature of gene action in the early generation to make the further breeding successful and 

economical.  In this process, breeders trace out various causal mechanism for its 

manifestation using different concepts.  However, none of them have been proved to be 

exclusively and universally responsible for all kinds of genetic phenomenon.  It may be 

stated that the genetic determinants have to be explained considering all the physiological, 

biochemical and molecular mechanisms  
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CHAPTER-5 

HETEROSIS -ITS PREDICTION  

Heterosis is an important biological phenomenon both in the animal and plant kingdom. 

First scientific reports trace back to Shull defining heterosis as superiority of F1 hybrids 

compared to the arithmetic mean of (homozygous) parents. Highly heterozygous genotypes 

generally display increased fitness, yield performance and stability, elevated disease 

resistance, as well as stress tolerance in suboptimal environments.   

The definition of heterosis is one of the controversial affairs in genetic terminology but here 

heterosis is defined as the biological phenomenon in which an F1 hybrid of two genetically 

dissimilar parents shows increased vigor at least over the mid parent value (P1 + P2/2).   

Genetically speaking, heterosis refers to the significant increase or decrease in the F1 value 

over the mid-parent value. However, from plant breeder's viewpoint, increase over better 

parent and/or the popular commercial variety is more relevant.   

The three hypotheses proposed to explain heterosis are dominance, overdominance 

and epistasis (Moll and Stuber 1974).  

DOMINANCE HYPOTHESIS 

Heterosis results from action and interaction of favorable dominant genes brought together 

in an F1 hybrid from the two parents. This hypothesis assumes that genes that are favorable 

for vigor and growth are dominant and genes that are harmful to the individual are 

recessive. The dominant genes contributed by one parent may complement the dominant 

genes contributed by the other parent, resulting in more favorable combination of dominant 

genes in the F1 than either parent. Theoretically, it should be possible to circumvent 

inbreeding depression by recombination among inbred lines to drive an inbred line with all 

the desirable dominant alleles. But in practice heterosis due to dominance is fixable only if 

the number of dispersed complementary genes is small. If the number of favorable and 

unfavorable allele pairs differentiating the parents is large, the probability of recovering an 

F2 segregant with all the desired favorable dominant alleles is extremely small (Tsaftaris 

1995). Furthermore, linkage of the deleterious recessive genes with favorable dominant 

genes further reduces the possibility of recovering homozygous lines as vigorous as the F1 

hybrid.   
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OVERDOMINANCE HYPOTHESIS   

 It assumes that there exist loci, albeit relatively rare, at which the F1 hybrid with the 

greatest number of heterozygous alleles will be the most vigorous compared  to the two 

homozygote parents for the same gene. Heterosis due to overdominance or 

pseudodominance (i.e., tightly-linked complementary genes) is not fixable by inbreeding 

(Tsaftaris 1995). However, evidence of genuine overdominance for quantitative characters is 

much more difficult to find, although apparent overdominance due to nonallelic interaction 

and linkage disequilibrium is a common contributor to heterosis.  

EPISTATIC HYPOTHESIS   

Interaction of non-allelic loci might result in heterosis. Quantitative genetic experiments on 

heterosis such as generation mean, diallel, and covariance analyses could neither support, 

falsify, nor determine the relative importance of any of the three hypotheses. Even marker-

based quantitative trait loci (QTL) analyses did not give a clear picture on the relative 

importance of the three hypotheses and findings were sometimes even contradictory 

depending on the genetic model applied (Stuber). In consequence, prediction of heterosis, 

e.g., to facilitate identification the best hybrid in a plant breeding program, is not yet 

possible. However, the prediction of heterosis by different methods have been derived 

under the following assumptions.  

1) Diploid segregation  

2) No preferential fertilization  

3) Hardy Weinberg Equilibrium   

4) 4)Linkage Equilibrium   

5) 5)Pleiotropic epistasis.  

Prediction of heterosis 

Prediction of hybrid performance has been of primary interest to essentially all hybrid crop 

breeding programs. Hybrid variety breeders have always been interested in choosing the 

parental lines which would result in heterotic combination without necessarily making all 

possible crosses among the potential parents. The various methods, tried with variable 

success, employed to predict heterosis can be grouped into  (1) per se performance, (2) 

mitochondrial complementation McDaniel and Sarkissian, (3) elevated ratios or levels of 

photosynthesis (Srivastav) or gibberellins (Rood et al.)  (4). Reduced DNA methylation 
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(Tsaftaris and Polidoros), and (5) Altered metabolic balance of large numbers of enzymes 

(Hagemann and Lambert). (6) combining ability, and (7) genetic diversity as determined 

through geographic origin, multivariate analysis using morphological and agronomic traits as 

well as biochemical markers (Virmani). Most advanced is mRNA expression profiling using 

microarrays of cDNAs or oligonucleotides (Duggan). Multiparallel analysis of most or all 

genes of a species simultaneously (Fiehn et al).  

Per-se performance of parents  

This method is based on the assumption that, in general high yielding parents produce a 

larger proportion of high yielding hybrids than to low yielding parents.  This holds true 

specially with regard to the adoptability of parental lines.  In order to develop heterotic 

hybrids it is essential that their parents should be adopted to the prevailing conditions for 

which hybrids are being developed.  

Some morphological characters are good indicators of heterosis.  In corn, Anderson and 

Borwon reported that inbreds selected on the basis of characters associated with typical 

dent and flint types resulted in heterotic hybrids.  Success of utilising such a method, 

however, depends on choosing a number of morphological, easily scorable attributes which 

contribute to the genetic divergence. 

Combining Ability of parents  

The magnitude of heterosis is determined by the combining ability of the parents. There are 

two types of combining ability viz., general combining ability (GCA) and specific combining 

ability (SCA). Sprague and Tatum defined GCA as the average performance of a line in hybrid 

combinations, and SCA as those cases in which certain combinations are relatively better or 

worse than would be expected on the basis of GCA of their parents. In a hybrid breeding 

program plant breeders aim to identify parental lines with good general combining ability, 

and crosses showing high specific combining ability (Virmani). Plant breeders have been 

relying mostly on combining ability tests (such as open- pollinated progeny test, topcross 

test, polycross test, single cross test, diallele cross mating, and line x tester analysis) to 

identify parents for developing heterotic combinations. However, the identification of lines 

having superior hybrid performance in extensive field tests is still the most costly and time- 

consuming part in modern hybrid breeding (Boppenmaier et al.). The efficiency of hybrid 
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breeding programs could be increased if superior crosses could be predicted before field 

evaluation based on a screening of parent inbreds using biochemical markers.    

Prediction methods of several cases relative to above are dealt hereunder 

 1) Prediction of inbred progenies.   

 Mather (a,b) First developed prediction method for self fertilized crops.  Mather and Jinks 

(1971) proposed mathematical formulae equally applicable for inbred progenies of cross 

fertilized crops as well.  Let the two homozygous lines be P1 and P2 and let F1 be the cross 

between them.  For any quantitative trait, the mean of the F2 generation can be predicted 

by  

 

 

F2 = ¼ (P1 + P2 + 2F1) 

In the same way, mean value of other advanced generations may be predicted as follows.  

 

F3 = 1/8 (3P1 + 3P2 + 2 F1) 

 . . . 

 . . . 

 . . . 

 . . . 

Fn = ½ [1- (½) n-1] (P1 + P2) + ( ½ )n-1 F1  

Where nth generation is obtained after n –1 generation of selfing (Mather).  Like wise, the 

mean values of the back cross generations can also be predicted as :  

   

BC1 = (½) (P1 + F1) 

 

BC2 = (½) (P2 + F1) 

2) Prediction of double cross hybrids  

Single cross – Cross between two inbreds A and B, to produce the hybrid (A x B) Double 

cross – Cross between two single cross (A x B) / (C x D).  

 For ‘n’ inbred lines,   there are  
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 n (n-1)/2    -    Single crosses.  

 3n (n-1) (n-2) (n-3)/24  

 or    -   Double crosses  

 3 x n!/ 4! (n-4!)  

 

The number of double crosses increases very rapidly with an increase in the number 

of parental lines.  Evidently it is not possible to develop and evaluate all possible double 

crosses among even a small number of lines.  Therefore, methods were developed to predict 

the performance of double crosses.    

Jenkins was the first to propose prediction methods for double cross performance from 

single cross data.  

Jenkin Prediction methods  

a) Mean performance of six possible single crosses among any set of 4 inbred lines.  
b) Mean performance of 4 non- parental single crosses.  
c) Mean performance of 4 inbred lines over a series of single crosses.  
d) Mean performance of a set of 4 inbred lines in a series of top crosses.  

 

Of these four methods of prediction, methods (a), (c) and (d) related only to additive gene 

action while method (b) involves both additive as well as non additive (dominance + 

epistasis) effects.  Jenkin’s prediction method (b) has been the standard method followed in 

maize breeding all over the world.  It can be illustrated as follows.  

Let the four inbred parents be P1, P2, P3 and P4. The six all possible single crosses 

involving these four parents can be designated as:  

S1.2, S1.3, S1.4, S2.3, S2.4 and S3.4. 

The three possible double crosses may be predicted as:  

 S1.2 x S3.4: D 12.34 = ¼ (S1.3 + S1.4 + S2.3 + S2.4) 

S1.3 x S2.4: D 13.24 = ¼ (S1.2 + S1.4 + S2.3 + S3.4) 

S1.4 x S2.3: D 14.23 = ¼ (S1.2 + S1.3 + S2.4 + S3.4) 
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Jenkins reported that the most accurate estimate for a double cross performance was 

provided by the mean yield of four non parental single crosses of the double cross, Eberhart 

et al. (1914) Eberhart (1964) Cocker ham (1967) Otsuka et al. (1972) and  stuber et al.(1973).  

How ever recent evidence suggest that the prediction based on performance of non 

parental single crosses underestimates the performance of double and three way  crosses 

and there is some risk of missing good parental hybrids (Banga and Banga).  

3. Prediction of three way crosses  

* Three way cross – Cross between a single cross (A x B) and an inbred to yield  the 

hybrid population (A x B) x C  

The number of three way crosses for ‘n’ inbreds – 3n (n-1) (n-2)/6  

 Using the same notations as above for the inbreds and crosses, the three way crosses can 

be predicted as:  

T12.3 = ½ (S1.3 + S2.3) 

T13.2 = ½ (S1.2 + S2.3) 

T23.1 = ½ (S1.2 + S1.3) 

More precise methods of predictions of double and three way cross hybrids have been given 

by Eberhart (1964).  Designating the four inbred parents as i, j, k and l the formulae for 

prediction are as follows.  

 

a)  Dsa 

ij. kl  

= 1/6 (Sij + Sik + Sil + Sjk + Sjl + Skl) 

b)  D sb 

ij.kl  

= ¼ (Sik + Sil + Sjl) 

c)   D tij 

ij.kl  

= ½ (Tij.k + Tij.l) 

d)   D tkl = ½ (Dtij + Tkl.j) 

 ij.kl                   ij.kl  

c)  D t = ½ (Dtij + D tk.l) 

 ij.kl ij.kl ij.kl 
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The first two methods correspond to Jenkins’ method (a) and (b) given earlier.  The others 

are based on three-way cross performance.  All these methods are unbiased by additive 

effects and all but formula (a) also by dominance effects.  In the absence of epistatic effects, 

all the above formulae can be used to predict double cross performance.  When epistatsis 

other than dominance type is present, the following linear relation is suggested to predict 

double cross (Eberhart,):  

 

 D ts = 20 t - D sb 

 12.34 12.34 12.34  

= ½ (T12.3 + T12.4 + T34.1 + T34.2) – ¼ (S 1.3 + S1.4 + S2.3 + S2.4) 

Otsuka et al., using general and specific combining ability effects estimated from a 

fixed model of diallel analysis developed the following formulae to predict single, double 

and three way cross performance.  

 

Pij = m + Ql + Qj + Rij 

Dij.kl = m + ½ (Qi + Qj + Qk + Ql) + S (¼)(Rik + Ril + Rjk + Rjl) 

Tij.k = m + ½ (Qi +Qj) + Qk + S (½)(Rik + Rjk) 

where S varying between 0 and 1 is the weighing coefficient for specific combining ability 

effects.  When S = 1, the formula for double cross prediction corresponds to Jenkins’ 

method (b).  

Mitochondrial Complementation  

The enhanced oxidative phosporylation efficiency of artificially mixed mitochondria of 

certain inbreds was designated as mitochondrial complementation and was found 

correlation with seedling heterosis in maize.  

Genetic Diversity Among parents  

 To get the heterotic hybrids there should be adequate genetic diversity between the 

parents, even though they are high yielding.  Genetic basis of heterosis lies primarily in the 

inter-alleic and / or intra – allelic genetic difference among the parents.  Genetically diverse 

parents, within a limit, are more likely to give heterotic hybrids than those genetically 
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related.  With this precise presence or absence of heterosis in a set of crosses can be 

predicted on the basis of magnitude of genetic diversity among the prospective parents.  

Genetic diversity can  be  estimated by the following procedures.  

a) Geographic origin.  

b) Multivariate analysis using mahalonobis D2 statistics  

c) Molecular markers  

a) Geographic origin  

The geographical variation due to geographical origin can be related to ecological and 

environmental variations.  The ecological and environmental conditions in a habitat dictate 

survival, fitness and adaptation of the genotypes created by spontaneous and induced 

genetic variations both under natural and directed selection situations consequently 

difference in habitat result in genetic difference among the genotypes selected and 

retained.  The parental lines derived from different geographic origin are likely to have more 

genetic diversity than those derived from the same geographic origin.  

During the past three decades, however, inter nationalisation of plant breeding efforts and 

massive exchange of germplasm throughout the world have altered the situation and, 

therefore differences in geographical origin of the parents, may not always result genetic 

diversity among them Moll et al.  Extensive hybridisation practiced in several international 

and national crop breeding programs around the world has created vast genetic diversity 

among the lines developed under a given geographical condition and one can expect genetic 

diversity among the parents from the same geographical origin.  The presence of significant 

heterosis in crosses from the IRRI bred rice cultivars. (Virmani et al. ) and presence of large 

amount of diversity within IRRI elite lines (Jultiquas et al.) provide testimony to this 

hypothesis.  

b) Multivariate analysis using Mahalanobis D
2 

statistics  

Mahalanobis generalized distance or D2 statistic based on multivariate analysis is a good 

index of genetic diversity (Mahalanobis 1936).  This method permits one to classify and 

group a number of lines (prospective parents of the hybrids) into various genetically diverse 

groups or clusters.  The parental lines belonging to different and distantly located clusters 

have a higher probability of giving heterotic hybrids than those parental lines belonging to 

the same cluster or group.  
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Somaya julu et al. and Bhat interested that D2 statistics was a powerful tool as a method of 

choosing wheat parental for hybridization, aiming at hybrid improvement.  

Moll et al. indicated that in maize, heterosis was increased with increased divergence within 

a restricted range of divergent but extremely divergent crosses resulted in a decrease in 

heterosis.  

c) Role of  Molecular markers for predicting heterosis  

Whether heterosis is explained by dominance or overdominance a positive relationship is 

expected between the number of heterozygous loci affecting a trait and hybrid 

performance. Thus kinship coefficient or genetic distance estimated from neutral markers 

distributed throughout the genome provide, in principle, a way to predict hybrid 

performance prior to making and evaluating the actual crosses themselves (Vienne et al.). 

Various investigators used markers to assess directly the genetic diversity of parental 

genotypes.   

The basic concept is based on the use of a molecular locus as a point of reference for the 

chromosomal segment in the marker's vicinity and permitting that segment to be followed 

through appropriate genetic manipulations (Tsaftaris). Isozymes, restriction fragment length 

polymorphism (RFLP), random amplified polymorphic DNA (RAPD), and amplified fragment 

length polymorphism (AFLP) were used to estimate genetic diversity of parental genotypes.  

Distances computed from isozyme data were in some cases significantly correlated to 

heterosis but such distances were limited primarily to lines with similar pedigrees (Frei et al). 

The association of RFLP-based genetic distance with F1 performance and heterosis has been 

tested in several studies (e.g., Lee et al; Melchinger et al.) with the results appearing to be 

highly dependent on the origin of parental inbreds. The predictive value of RFLP data for 

hybrid performance has been found (1) promising for crosses between lines from the same 

heterotic group, (2) practically zero for crosses between unrelated lines from genetically 

divergent heterotic groups, and (3) medium for mixtures of both (Melchinger et al; 

Boppenmeier et al).  RAPD markers have also been used to determine the extent of diversity 

among inbred lines, for allocating genotypes into different groups, and to aid in the choice 

of superior crosses to be made (Lanza and Souza). In most cases, however, the correlations 

between RAPD-based genetic distances and hybrid performance were very low to predict 

heterosis. A significant improvement in the correlations between genetic distance and 
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hybrid performance was noted in maize by using AFLP markers in comparison with RFLP 

markers (Ajmone Marsan et al).  

Analysis of large number of markers in relatively short time, pre-selection of specific AFLP 

markers linked to loci that affect a quantitative trait loci, and the high resolution of 

polyacrylamide gels used for AFLP analysis were mentioned as possible reasons for the 

better correlation's obtained  between genetic distances estimated from AFLP markers and 

hybrid performance.  

 As it is related to the variability in gene expression, two-dimensional polyacrylamide gel 

electrophoresis (PAGE) allows the detection of two types of polymorphism (Vienne et al): (a) 

variation in the amounts of the proteins, quantified through variation in intensity of a 

polypeptide spot (known as protein amount polymorphism), and (b) qualitative differences 

due to allelic variation of the gene coding for the polypeptide (structural variation of 

proteins or position shift). Heterosis revealed in studies on gene expression at the mRNA 

level (Romagnoli et al.), as well as at the protein-quantity level (Damerval et al), could be 

interpreted as a possible basis for the heterosis observed for agronomic traits. The two 

convincing results were the strong correlation's found between (i) a distance computed 

from quantitative protein variations and a Mahalanobis distance based on general 

combining abilities for several morphological traits (Damerval et al), and (ii) parameters 

from the quantitative protein polymorphism and the performance of the hybrids (Leonardi 

et al).  

 Generally there are many potential reasons for the finding of poor correlation's between 

genetic distance and hybrid performance: (1) it is absolutely essential to identify specific 

marker loci with tight linkage to those chromosomal segments which determine the 

expression of the traits of interest (Bernardo). (2) Some of the marked chromosome regions 

could be more important than others in their contribution to F1 yield performance and 

heterosis. For example, investigations on mapping of  quantitative trait loci (QTLs) affecting 

grain yield and related traits confirm that the magnitude of genetic effects for any single 

QTL contributing to these traits varied considerably, ranging from 5 to 25% of the 

phenotypic variance (Stuber et al).  (3)  Inadequate  genome coverage and different levels of 

dominance among hybrids are other reasons suggested for the low correlation's obtained 

between hybrid performance and marker diversity (Melchinger et al). (4) The sample size of 
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the parental line and progenies assessed might be another reason as to why genetic 

distance failed in the literature to have a predictive value for heterosis.   

priori choice  

It consists of selection methods based on per se parent performance, such as midparental 

value, divergence according to coefficient of parentage, character complementation, 

multivariate analysis and parental distances, least squares, parental complementation, and 

ideal genotype (Baenziger and Peterson) posteriori choice  

Parents are evaluated on the basis of F1, F2 data and advanced generations. A long period of 

time is necessary to choose parents in this way, especially in perennial plants.  

Divergence according to coefficient of parentage.  

The a priori choice is based on the fact that heterosis is a relative measure of two 

generations - the parental and the progeny. For a given quantitative trait, the amount of 

heterosis following a cross between two populations is a function of the square of the 

difference of gene frequency between the populations and of the dominance deviations 

(Falconer,). If the populations that are crossed do not differ in gene frequencies, there will 

be no heterosis. Likewise, loci without dominance cause neither inbreeding depression nor 

heterosis. Falconer argues that: i) the occurrence of heterosis is dependent on directional 

dominance and its absence is not sufficient grounds for concluding that the loci show no 

dominance; ii) the amount of heterosis is specific to each particular cross, and iii) for inbred 

lines, heterosis is the sum of the dominance deviations of those loci that have different 

alleles in the two lines.  

Recent developments in heterosis predictions  

Prediction methods given earlier are all time consuming and necessitate, making of crosses 

and their evaluation in field trials.  With the establishment of definite role of biochemistry, 

physiology and molecular biology in the manifestation of heterosis, adoption of laboratory 

techniques for a quick and precise method of inbred line evaluation for combining ability 

and heterosis prediction methods are felt by plant breeders.  Lately, biochemists and 

physiologists have proposed a number of methods:  

i) Method of biotest based on selection of line pairs where mixed seed extracts produce 

the best effect in yield growth (Matskov and Manzyuk).  
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ii)  Serological method based on comparative electrophoretic analysis of protein extracts 

from vegetative organs or seeds of heterotic hybrids and their inbred lines (Jumaguzina 

et al.,; Dimitrov et al.,). iii)Evaluation of heterosis based on electrokinetic properties of 

cell nuclei (Shabkhazov et al.).  

iv) Selection of parents according to the shift of male and female plant sexualization using 

those showing oxidizing and reoxidizing potential of the reproductive organs.  (Berzinya-

Berzite and Maurinya ; Maurinya).  

v) Rate of synthesis of DNA, RNA and genomic activity within the first 24 hours in the 

hybrid used for early prediction of heterosis.  

vi) Seedling differences in composition of newly formed RNA and the other nucleotide 

characters can be used as criterion for parental pair selection for combining ability  

With the advent of newer technologies on molecular hybridization and their subsequent 

analysis in laboratory, adoption of molecular genetics method for initial evaluation and early 

heterosis prediction has opened up new frontiers in heterosis breeding.  
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CHAPTER-6 

STABILITY PERFORMANCE OF HYBRIDS 

(GENOTYPE X ENVIRONMENT INTERACTION) 

      INTRODUCTION  

The performance of a crop variety is the resultant effect of its genotype and the 

environment in which it is grown.  This inter-dependence of the inherent endowment 

and environmental influence has long been recognized based on two basic ideas.  To 

facilitate the division of phenotypic value into genotypic and environmental deviation 

two major statistical assumptions have to be made, regarding the effects of genotypes 

and the environment.  

1. It has to be assumed that the effects are additive in the sense that we can associate a 

certain environmental deviation with a specific difference to environment without 

regard to the genotype.  

2. It has to be assumed that the effects are statistically independent i.e. there is no 

correlation between genotypic values and environmental deviation.’  

While the second assumption can be fulfilled by the principle of randomization, the first 

cannot be taken for granted in plant improvement research.  One has to account for an 

element of specific adaptability with respect to each genotype in its revealed 

characteristics.   

The property causing the specific adaptation is termed genotype – environment 

interaction.  

A major   component of the adaptive mechanism of a crop cultivar is its developmental 

pattern, and this will be influenced both by genotype and environment.  

CLASSIFICATION OF GE INTERACTIONS   

Genotype and environment may interact in a variety of ways.  Environment which may 

be micro or macro have either a significant positive or negative interaction with the 

genotype. The macro or the predictable environment (permanent features like 

topography, climate, day length etc.) have been better isolated and studied due to its 

large contribution in the final expression of a genotype. The micro or unpredictable 

environment has a very small langitude of influence on the final expression of a 

genotype and therefore is difficult to be assessed properly.  
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Each genotype attains its maximum biological performance in a particular environment. 

In this case a significant positive GE interaction is said to exist. As the environmental 

elements fall short of the required biological optimum for a given genotype, the 

performance of the genotype falls due to the existing negative GxE interactions, A more 

precise classification was given by Durrant, They are  

1. Transmission able interaction effect  

2. Non transmission able interaction effect.  

In the first case environment induces a selection pressure, through which it may affect the 

genetic constitution of population. This may lead to distortions in segregation and 

recombination that is expected am genetic theory. The sudden changes in the materials 

through these mutagenic effects are transmisionable    

One more permanent change that is transmisionable is "conditioning effect”. This effect of 

the environment is of a special kind. For example the effects of certain fertilizer treatments 

ere not merely reflected in the growth of" flaz plants, but the effects were also 

transmsmitted to the offspring generation through both pollen and egg.   

The non-transmissionable interaction effect arising from the interplay of genetic and 

environmental effects. Following Mather and Jones (1958), the specification of GE 

interaction of this kind is now shown below considered, restricting the simplest case of two 

true breeding genotypes (AA,aa) differing by a single allele substitution measured two 

environments X and Y.  

The phenotypes here are described as linear combination of the parameters d, e and g rep 

representing genetic, environmental and interaction deviations being measured from the 

overall mean. The four situations are assumed equally frequent and the signs of the 3 

parameters are so determined that they are orthogonal to one another. When all the 

phenotype are different in their character expression, the interaction relations can be 

grouped intotypes based on their ranking order which is given to the phenotypes according 

to the magnitude of their expression,  

 Type I : With no change in genotypic rank order in the 2 environments and very            

 little interaction.   

Type 2 :    With change in rank orders and low interaction- Type3 : With no change                                                

in rank  orders and low interaction.   
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Type 4:    With change in rank orders and high interaction.   

 ADAPTATION AND ADAPTABILITY  

      Plant breeding is the current phase of crop evolution (Simmonds).  In the evolutionary 

terms the breeder's objective is produce populations that are better adapted in a given 

environment.  However, adaptation and adaptability are antagonistic terms. As 

adaptation in one environment is maximized, it reduces variability and hence long term 

adaptability. These terms are discussed below.  

ADAPTATION   

      Adaptation refers to those changes in structure or function of an individual or population 

which lead to better survival or greater fitness in a given environment.    

ADAPTABILITY  

       Adaptability refers to the capacity of a genotype or population for genetic changes in 

adaptation.  

TYPES OF ADAPTATION  

     There are four types of adaptation, viz., (1) specific genotypic adaptation (2) general 

genotypic adaptation, (3) specific population adaptation, and (4) general population 

adaptation. These are briefly described below.  

1.  Specific genotypic adaptation  

     It is the close adaptation of a genotype to a limited environment  for the production of 

rice  in a deep water  area, a variety’s capacity for rapid inter node elongation is an 

essential feature of its specific adaptation.  

2.  General genotypic adaptation  

       It refers to the capacity of a genotype to produce a wide range of  phenotypes 

compatible with a  range of environments. Semi dwarf   varieties of wheat and rice 

which can be  grown over a wide  range of environmental conditions are examples of 

this type of adaptation  (i.e., adaptability).  

3. Specific population adaptation    

       It refers to the capacity of a heterogeneous population to adapt to specific 

environment. A composite or a varietal mixture giving stable productions is an example 

of this category.  Here the competition is between the components of variety or mixture 

rather than adoption of components themselves.  
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4. General Population Adaptation 

      It is the capacity of heterogeneous populations to adapt to a variety of environments. 

Synthetic varieties of forage crops are example of this type of adaptation. This property 

of adaptation is specific to an individual genotype or a group of genotypes and is termed 

as homeostasis.  

CAUSES OF ADAPTATION  

Varietal adaptability or stability is the result of homeostasis, which refers to the 

buffering capacity of a genotype to environmental fluctuations. The homeostasis is of 

two types, viz. (1) genetic, and (2) physiological.  

1. Genetic Homeostasis   

It refers to the genetic buffering capacity of a genotype to environmental fluctuations.  

In other words, It is the ability of a genotype to withstand environmental fluctuations  

(Lerner, 1954).  High buffering ability indicates consistant performance of a genotype or 

population over a wide range of environments. A more homeostasis genotype is one 

which shows less variation in phenotypic values in different environments. Thus 

variability in performance over a wide of environments can be used  as a criterion for  

measure of phenotypics stability  (Gupta et al.).  

2. Physiological homeostasis   

It refers to physiological or developmental buffering capacity of a genotype to 

environmental fluctuations. The internal self regulatory machanisms enable the 

individual to adjust to the fluctuating environments by resisting such changes 

Physiological homeostasis is generally higher in heterozygous genotypes than in 

homozygous ones.      

FACTORS AFFECTING ADAPTABILITY  

There are four important genetic factors, viz., heterogeneity, heterozygosity, genetic 

polymorphism and mode of pollination, which affect the adaptability of a genotype over 

a series of environments (Simmonds, 1979). These are briefly discussed below.  

1. Heterogeneity. 

The heterogeneous- populations have broad genetic base. Such populations have 

greater capacity to stabilize productivity over a wide range of changing environments 

because such heterogeneity provides a higher degree of population buffering. Generally 
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diverse (heterogeneous) populations give more stable yields over several environments 

than pure lines.  

2.   Heterozygosity   

It has been observed that heterozygous individuals F1 hybrids, are more stable than 

there homozygous parents to environmental variation. The stability of heterozygous 

individuals stems to be related to their ability perform better under stress conditions 

than homozygous plants. Such property constitutes physiological homeostasis.  In barley  

F2 populations more stable than their parents. The heterozygosity promotes 

homeostasis.  In maize, double cross hybrids are more stable than single crosses. This is 

probably due to more heterogeneity in double crosses than single crosses.  

3.  Genetic polymorphism   

The regular occurrence  of several phenotypes in a genetic population is Known as Genetic 

polymorphism. The genetic polymorphism is usually maintained due to superiority of 

heterozygotes over both homozygotes.  When polymorphism is maintained as a result of 

heterozygotes advantage, it is known as balanced polymorphism. Some times it is difficult to 

identify the polymorphic alleic forms by visual observations.   The best way of detecting 

polymorphic alleles is the isozyme Studies or gel electrophoretic Studies. It has been 

reported that two third of the loci in a population exhibit polymorphism.  

Genetic polymorphism increases the adaptive value or buffering capacity ofa population by 

providing increased diversity of genotypes in a population.Thus genetic polymorphism 

enhances the adaptability of a population, because heterozygotes are more adaptable than 

homozygotes.  

4. Mode of pollination   

The cross pollinated species have better buffering capacity than self  pollinated because of  

more hetrozygosity  in the  former than latter.  

DIFFERENT APPROACHES TO STUDY OF GE INTERACTION  

1. Static concept of stability analysis  

 The stable genotype is supposed to posses unchanging performance   regardless of any 

variation in the environmental conditions.  
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2. Dynamic concept of stability analysis  

Genotype is not expected to be stable across environment, but it is expected not to have 

any deviation between the predicted level of performance and actual performance for 

individual environments.  

There are four types of approaches available for statistical analysis of GE interaction.  

1. The analysis of variance approach  

Analysis of variance approach was first developed by Sprague and Federer (1951) and is the 

most fundamental method which helps to confirm the presence of GXE interaction and 

estimated the fraction of phenotypic variance attributable to GXE interaction  

2. Univariate a.  Joint regression analysis  

The previous approach lacks   the provision for partitioning of GXE interaction into 

components which is useful in the analysis of response pattern of the genotype under 

different environments. There are two components.  

1. Linear regression component  

This was first introduced by Mooers and was given prominence Yates and Cochran who used 

the mean performance of all genotypes grown as a suitable index of its productivity. Finlay 

and Wilkinson used the regression technique in examining  the yield stability of  various 

 genotypes.  Regression values increasing (above 1) indicates varieties are highly sensitive to 

environmental changes and have below average stability and are said to be have specific 

adaptability to high yielding environments. Regression coefficients decreasing (below 1) 

provide a measure or greater resistance to environmental changes (above average stability) 

or said to be incentive and so the varieties can fit well under low yielding environments.  

2.  Nonlinear Regression component  

All the authors mentioned so far assumed an expected linear response to the environment.  

The relative stability approach of Hanson expected the response function to be non – linear. 

Plaisted and Peterson computed an analysis of variance for every pair of genotypes so as to 

estimate the interaction variance for every combination of genotype.  The mean and the 

interaction variances obtained for each genotype was used as an indicator of the 

contribution of that genotype to the total genotype environment interaction. St. Pierre, 

Klinck and Gauthir  tried a different approach; i.e. they defined the percentage adaptability 

of a genotype to be that percentage of the environment being tested in which its 
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performance was better than the mean performance of all  genotypes.  b. Fitting genetic 

model c. Correlation analysis  

3. Multivariate stability analyses 

In addition to univariate stability statistics, multivariate methods of analyzing GE interaction 

have been proposed.  

Multivariate analysis has three main purposes : (a) to eliminate noise from the data pattern 

(ie., to distinguish systematic from nonsystematic variation); (b) to summarize the data; and 

(c) to reveal the structure in the data. In contrast with classic statistical methods, the 

function of multivariate analysis is to elucidate the internal structure of the data from which 

hypotheses can be generated and later tested by statistical methods. 

Two groups of multivariate techniques have been used to elucidate the internal structure of 

genotype -environment interaction:  

Ordination techniques, such as principal component analysis, principal coordinate’s analysis, 

and factor analysis, assume that data is continuous. These Techniques attempt 10 represent 

genotype and environment relationships as faithfully as possible in a low dimensional space. 

A graphical output displays similar genotypes or environments near each other and 

dissimilar items are further apart. Ordination is effective for showing relationships and 

reducing noise (Gauch),  

Classification techniques, such as cluster analysis and discriminate analysis, seek 

discontinuities in the data. These methods involve grouping similar en lilies in clusters and 

are effective for summarizing redundancy in the data,  

(a) Principal Components Analysis  

Principal components analysis is one of the most frequently used multivariate methods. Its 

aim is to transform the data from one set of coordinate axes to another, which preserves, as 

much as possible, the original configuration of the set of points and concentrates most of 

the data structure in the first principal components axes. In this process of data reduction, 

some original information is inevitably lost.  

(b) Principal Coordinates Analysis  

Principal coordinates analysis (Gower) is a generalization of principal components analysis in 

which any measure of similarity between individuals can be used.  The objective and 

limitations are similar to those of principal components analysts.  
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Principal coordinates analysis was employed to examine the use of a reference set of  

genotypes to monitor genotype-environment interaction and also to assess methods for 

removing environmental effect to provide a description of environments , A spatial method 

for assessing yield stability, in which principal coordinates analysis is based on a suitable 

measure of similarity between genotypes, has been proposed by Westcoit.  

(c) Factor Analysis 

Factor analysis is an ordination procedure related to principal components analysis, the 

‘factors’ of the former being similar to the principal components of the later. A large 

number of correlated variables is reduced to a small number of main factors common to all 

variables and in terms of factors unique to each variable it has been used to understand 

relationship among yield components and morphological characteristic of crops.  

(d) Cluster analysis  

Cluster analysis is a numerical classification technique that defines groups of clusters of 

individuals. Two types of classification, can be distinguished. The first is non-hierarchical 

classifications, which assigns each item to a class. Relationships among classes are not 

characterized, so this types is useful in the early stages of   data analysis. The second type is 

hierarchical classification, which groups individuals into clusters arranges these into a 

hierarchy for the purpose of studying relationships in the data.  

Cluster analysis requires a measure of similarity between the individuals to he classified, and 

it impose a discontinuity in the data. The method has been used to study genotype 

adaptation by simplifying the pattern of responses and to subdivide genotypes and 

environments into more homogeneous group.   

Some of the disadvantages of cluster analysis are: (a) numerous hierarchical grouping 

algorithms exist each of them may produce different cluster groups: (b) the truncation level 

of the classificatory hierarchies may be. decided arbitrarily :(c) many different similarity 

measures can be used (Lin et al,) yielding different results; and (d) cluster analysis may 

produce misleading results by showing structures and patterns in the data when they do not 

exist (Westcott). (Shorter et al,) summarized the potentials of cluster analysis in plant 

breeding as   

a) Identification of genotypes with complementary responses across the environments for 

making crosses and predictions of adaptation responses of their progenies  
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(b) Identification of genotypes that are suitable for commercial use in specific regions of 

production.  

(c) Selection of genotypes that are grouped with a predefined ideal cultivar for a more 

careful examination, and  

(d) The effect of pedigree and me origin of genotypes on their phenotypic behavior across 

the environments could be studied1.superiority analysis  

1. Superiority Analysis  

Although regression analysis is a powerful tool for investigating adaptability, not all data fit 

with linear model.  Even if they do, a linear model may not be able to detect subtle 

differences.  To cope up with this difficulty Lin and Binns proposed a model called 

“superiority analysis” which assumes no specific model for G E interaction.   Pi  which  is 

defined as the distance or difference in mean square between the test cultivar and the 

maximum response.  The cultivar selection is then based on the Pi values.  Smaller the Pi 

values the cultivar is better adapted and recommended for entire region. If the difference 

are large, then atleast two better cultivars are necessary in order to obtain maximum 

production..  However since Pi is to be measured overall locations it represents superiority 

in respect of general adaptability.  

2. Yield system analysis  

Yield system analysis aids in selection of the physiological component of yield in addition to 

the interconnection among the 3 physiological parameter viz., Harvest index, Biomass, Days 

to maturity. This method helps in identifying suitable genotypes that are better adapted to 

the target location.  

3. Additive main effect multiplicative interaction effect analysis (AMMI)  

 YSA has been applied to yield trails while AMMI analysis can be applied to quantify GE 

caused deviation for each of the yield’s major components and sub- components that is due 

to each environment  

 These flexible set of models were proposed by Kempton, Crossa  and Gauch combines 

analysis of variance (ANOVA) and Principle Component Analysis (PCA) into single analysis 

with both additive and multiplicative statistical model. AMMI analysis is applicable when 

data are:  

1. quantitative rather than categorical,  
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2. structural in a two way factorial table replicated or not and  

3. significant main and interaction effects  

AMMI analysis can separate and quantify the GE interaction on yield and on each 

physiological component that is caused by each genotype and by the different of 

experiment.   AMMI analysis are also used to predict hybrid performance from date of line 

tester crosses when field evaluation of them is not feasible because of the large number of 

crosses. AMMI analysis can also be used to select environments suitable for yield analysis   

4. Spatial method  

 This is one of the multivariate method developed by Westcott(1986) based on principle      

coordinate analysis. The following equation in the outcome of this method to assess the 

stability of genotypes based on the similarity between genotypes. Spatial method 

(Westcott),   

Si (a,b) = [Hi-(ai+bi)/2]/Hi-Li   

Hi - highest mean yield of genotype in environment 

‘i’  Li  -  Lowest mean yield of genotype in 

environment ‘i’ ai  -  mean yield of genotype ‘a’ in 

environment ‘i’ bi  -  mean yield of genotype ‘b’ in 

environment ‘I’  

ADVANTAGES OF SPATIAL METHOD 

Highly reliable- results from few extremely low or high yielding locations. It allows to analyze 

a subset of data from a whole data set which is not possible in regression analysis. It avoids 

the difficulty that arises when regression parameters have to be unified in one decision It is 

simple to identify stable varieties based on a sequence of graphs. Method is model free and 

can be applied without a large set of data. 

DIFFERENT MODELS USED FOR STABILITY ANALYSIS   

In most plant breeding programe three stability approaches viz., Eberhart and Russell 

Model (1966), Perkins and Jinks Model (1968), Freeman and Perkins Model (1971). The 

ranking of varieties of genotypes testability remains same in all the these models. 

However the model of Eberhart and Russell Model  is in commen use as it is 

comparatively simple one.  
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USES OF STABILITY ANALYSIS 

Stability analysis helps in understanding the adaptability of crop varieties over a wide 

.range of environmental conditions and in the identification of adaptable genotypes. The 

use of adaptable genotype for general cultivation over a wide range of environments 

helps in achieving stabilization in crop production over locations and years. Stable 

genotypes may be used in hybridization programme leading to development of 

potentially stable high potential cultivars. Yield stability is genetically controlled (Scott, 

1987) and hence selection for yield stability can be effective. Stability analysis helps plant 

breeders in predicting response of various genotypes over changing environments.  

According to Westcott, methods involving the linear regression approach and 

related stability parameters cannot be recommended, nor can the defects of these 

method be overcome by the use of either cluster analysis or Principal component 

analysis But the linear regression approach will continue to play an important part in 

furthering our understanding of GE — interactions because, despite its imperfections, it 

does have the twin merits of simplicity and biological relevance. The various multivariate 

methods which have been proposed will often allow a more detailed analysis of GE — 

interactions, but they will not replace the regression approach.  

Even with the recent methodology many important problems can be tackled. For 

example, more information is desirable on the stability of hybrids versus, inbreds in self 

pollination crops, for the optimal choice of parents the possibility of considering stability 

measures including multi an ate analysis of GE — interaction are worthy of notice. Finally 

the prospects of indirect selection for yield stability should be investigated thoroughly, A 

study of physiology to understand why one genotype is more stable than another crop 

would provide a most significant contribution.  

APPLICATIONS IN CROP IMPROVEMENT  

1. Stability analysis, helps in understanding  the adaptability of crop varieties  

2. over a wide range of environmental conditions and in the identification of adaptable 

genotypes.  

3. The use of adaptable genotypes for general cultivation over wide range of 

environmental conditions helps in achieving stabilization in crop production over 

locations and years.  
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4. Use stable genotypes in the hybridization programme will lead to development of 

phenotypically stable high potential cultivars of crops  

5. Yield stability is genitically controlled, as has been shown for maize(Scoot,1967) and 

hence selection for yield stability can he effective Stability analysis is an important tool 

for plant breeders in predicting   response of various genotypes over than changing 

environments  

CONCLUSION  

1. An enhanced understanding of some of the key environmental factors within the target 

population of environments which contribute to discrimination among genotypes and G 

x E interactions   

2. The ability of statistical modeling methodology for more comprehensive     analysis of 

variation among the patterns of adaptation of genotypes.    

3. Further research is needed to compare various methods used for stability analysis  
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CHAPTER-7 

 SELF INCOMPATIBILITY AND HETEROSIS 

Self incompatibility is the  inability of a  plant with hermaphrodite flowers producing 

developmentally functional male and  female gametes to  set  seeds on  self pollination, and 

is probably the most important way in using self incompatibility to produce hybrids was 

suggested over 60years  ago (Pearson, 1932),it was not until 1950 that they first appeared in 

Japan, and 1954 before they were produced in the USA(Wallace,1979 b). However, in recent 

years, it has become standard practice in several crops, and commercial seed catalogs now 

list virtually all the Brassica vegetables as hybrids, produced using self incompatibility.  

Types of self incompatibility  

There are two main types of self incompatibility   

1. Heteromorphic self incompatibility  

2. Homomorphic self incompatibility  

Heteromorphic self incompatibility  

 With heteromorphic self incompatibility, the different  phenotypes have  different flower 

structures, which are associated with specific intramorph sterility  reactions. Even if an 

illegitimate cross occurs with pollen from the same flower type, fertilization will not take 

place due to inhibition of pollen growth. Genetic control in heteromorphic species is diallelic 

(at one or two loci)  and is thought to be sporophytic in all cases.  

1. Heteromorphic self - Incompatibility  

 The majority of heteromorphic species are distylic, such as Primula sinensis. These species 

have  two flower types, one with short styles  and high anthers,  and the other with long 

styles and low anthers.  Other characters are involved, and control must be by a supergene 

with upto seven subgenes are involved,  (Dowrick 1956).  A  few species are tristylic, such as 

Lythrum  salicaria (Fisher 1949).  These species have a midstyled  flower as well as high and 

low forms, and the anthers occupy the two positions other than that of the style. An 

excellent coverage of heteromorphy and diallelic self incompatibility is given by Richards 

(1986).  

2. Homomorphic self - Incompatibility  

 The term homomorphic refer to the fact that all plants in  the  population  have the same 

floral form. It is a prefertilization barrier. Where pollen germination pollen tube growth is 
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slowed or inhibited, such that fertilization dose not occur when here is recognition of like 

specificities between pollen and pistil.  There are two  types of homomorphic systems 

:gametophytic and sporophytic.  

Gametophytic self - Incompatibility  

 In these systems, the self - incompatibility reaction of the pollen is determined by its own 

haploid 'S' genotype. In most systems studied Gametophytic self – Incompatibility Is  

controlled by a single locus (s-locus) with multiple alleles. Self pollen or  pollen bearing an S - 

allele identical to either of the S alleles of the diploid tissues of the pistil, cannot effect 

fertilization. Gametophytic self incompatibility controlled by a single S-locus has been 

studied mainly in Solanceous spp.  Nicotiana alata, Lycopersican spp.  Petuina, etc.   

However, there are morecomplex systems involving several gene loci: for example some 

grass species have two loci, S and Z and Beta bulgaris and  Ranunculus acris have four loci.   

In species with gametophytic self incompatibility as exemplified by N. alata, both compatible 

and incompatible pollen grains germinate normally on the stigma surface to produce a 

pollen tube that penetrates and grows into the style.  Within the style, the pollen tube 

grows intercelluarly. During growth of compatible tubes, callose is deposited in the tube 

walls giving the tubes a ladder -like appearance.  These callose plugs give a characteristic 

fluorescence when viewed after staining with the aniline blue flurochrome, indicating their 

content of a (1 3) @ glucan.  (Luu et al., 1999).  The cytoplasm of the tube, which includes 

the two sperm cells and the vegetative nucleus, is carried in the tip  of the tube, and the 

callose plugs isolate the cytoplasm from the spent pollen grain.  Incompatible tubes initially 

appear identical to compatible tubes, but  at some point in the style, the tube wall become 

,thickened, the  callose deposits become irregular, and tube growth  slows. Often the tube 

tips swell and burst. Although this pattern  is typical of gametophgytic self incompatibility, 

there are variations in some species the tube arrest is either at the stigma surface or very  

soon after penetration of the style e.g. Oenothera organensis. Typically, a gametophytic 

system will display two types of seed set patterns as a result of crossing full  sib progeny in 

all possible combinations (a complete diallel)  
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 Male     Male    

Female  S1S3 S2 S3 Female  S1S3 S2 S3 S1S4 S2 S4 

S1S3 - + S1S3 - + + + 

S2 S3 + - S2 S3 + - + + 

   S1S4 + + - + 

   S2 S4 + + + - 

Crosses are scored as compatible (+) or incompatible (-) based on seed set or pollen tube 

growth. In the above example, the expected seed set patterns in two different full dialleles 

are shown.  Assuming the SI system is 'tight' all self pollination should be incompatible as  

well as cross pollinations where both S alleles are matched in the pistil and pollen. Typically, 

either 50% or75%cross compatibility will  be found  in dialleles involving gametophytic 

systems.  

Genetics of  Gametophytic self incompatibility  

 The genetic control of this system  is known  as Personata type eg: Nicotiana sandererae.  

One 'S' locus with a large number of alleles, S1,S2,S3…. Sm controls the compatibility 

relationship. The genetic  feature are simple. It implies that any pollen grains may germinate 

and accomplish fertilization provided 'S' allele it carries is not present in the diploid tissue  of 

the female organs. There is no dominance ofallelesin the style, both are operating to oppose 

the growth of the respective pollen tube. The alleles are co-dominant. Unidirectional 

compatibility is observed in this system.  

Bifactorial (two multi allele 'S' loci) with poly allelic series and complementarity.  

Two locus or bifactorial incompatibility systems under gametophytic control were first 

described in the grasses. The incompatibility mechanism is based on two multi  allelic  loci (S 

and Z)  which are  unlinked, segregate independently but show interaction in their 

incompatibility function. There is co-operation between alleles at different loci in the pollen, 

but independent reactions of 'S' and 'Z' alleles in the style. Each combination of alleles 

establishes  a specificity in the haploid pollen and rejection occurs when this specificity is 

matched by one of the four possible combinations of S and Z in the diploid style.  

 A two  locus system is most readily detected by the number of cross compatible crosses 

arising amongst full liblings.  As a fully compatible cross will usually involve two 

heterozygous individuals containing between them four alleles at any locus (if they are 
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diploid), the number of cross compatible classes, amongst siblings is calculated by 4nwhere 

n is the number of loci. Thus in the 2locus grasses, upto 16 sibling classes can occur.   

Three or more loci  

 As we have already seen, multilocus systems, generate more cross compatible classes 

amongst the offspring of a single cross. Using the formula4nfor the number of such   classes, 

where 'n' is the number of loci, it will be seen that three locus systems can generate 64  

cross compatible offspring classes from a single cross and four locus systems can generate 

256. A conventional two locus system can only generate16 classes.  

Sporophyticself  incompatibility  

 The genetic control for this type of self incompatibility  is also believed to be through a 

single locus   with multiple alleles.  The incompatibility phenotype of pollen is conferred by 

the two S locus alleles of the diploid parent plant rather than the S  allele present in an 

individual pollen grain. Consequently, apollen grain has the same incompatibility phenotype 

as the plant from which it was  shed.(Clarke and Newbigin).  

 In sporophytic  systems, arrest of pollen tube growth after a self  mating occurs at the 

stigma surface. Callose is deposited both in the tip of the emerging pollen tube  and at the 

site of contact on the stigmatic papilla. And the system is correlated with trinucleate pollen. 

In crucifer, the incompatible pollen generally fail to germinate. Germination may occur in 

some lines, but the resulting pollen tubes grow abnormally and fail to invade the stigmatic 

papillary  cell wall. In the  latter case, pollen  tubes grow through the outer most  cuticle 

layer and were inhibited in the cellulose - pectin layer of  the papillary cell wall. On the 

papillary cellside  a distinctive  rejection response is visualized as deposition of @ 1-3 glucan  

callose at the site of contact with incompatible pollen.   The papillary cells of the stigma thus 

constitute  the barrier to incompatible pollen development in crucifers. If this barrier is  

penetrated by pollen tubes, no further obstacles lie in their journey to the Ovary.(Kovaleva).  

Families possessing  sporophytic SI include Asteraceae and Brassicaceae (North). The 

potential for allelic interactions  (dominance) between alleles is a unique feature of 

sprophytic SI(deNettancourt1969). It is possible to have dominance in the style, pollen or 

both. Reciprocal differences may also occur when dominance is present. Levels of percent 

compatibility from full sib diallel mating schemes vary widely with the presence of 

dominance. If no dominance is present, 25% compatibility will result: 2 dominant alleles = 
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37.5%:3 dominant alleles =44% dominant allele = 50 %… dominant alleles = 75%. However 

recent evidence from plant breeding experiments with member of the Brassicaceae have 

indicated the presence of a second gene that works together with S but which obeys    the 

rules of thegametophtic system. Ithas been identified that sporophytic SI exhibits complex 

multi allelic interactions. The number of alleles at the S locus was estimated to be 22 in 

Iberis populations and 25-34 in R. raphanistrum Forty one different alleles were enumerated 

in cultivated crops of B.oleracea.        

3. Hybrid Production Procedures  

 The basic method of utilizing Heterosis is to cross  two inbred lines together to produce an 

F1 hybrid. The use of self incompatibility in F1 hybrid production has major advantages over 

other methods; equal quantities of seed of the two inbred lines can be mixed together for 

sowing, and the whole crop is harvested for seed.  This is in comparison to sowing the lines 

out in separate rows, with the pollinator at a low frequency,  some distance from the center 

rows of female plants, and needing to be cut out before harvest.  Where there is any 

discrimination between lines by pollinating insects, the random mixing of inbred plants will 

be highly advantageous.  The advantages of a once-over harvest are obvious.   

Previously, the single cross using self incompatibility had the disadvantage that inbred line 

production was labor-intensive and expensive, with seed having to be produced by bud 

pollination.  With the techniques now available for overcoming self-incompatibility, this 

should not be such a problem, and inbred seed production should be much easier and 

cheaper.  

4. The first  stage in the development of more complex hybrids is the three-way cross 

(Fig.7).  with this system, two inbreds  are first multiplied together to produce a F1 hybrid, 

which is then crossed with a third inbred line. There will be some loss of yield and 

uniformity compared with F1 hybrids, but seed production is increased because the yield 

from the F1 single-cross is  much higher than that from inbred lines.  The heterotic effect on 

seed yield is even more beneficial in the double-cross (Fig. 1) because two F1 hybrids are 

crossed together.  However, this is just a bonus, because the main increase in seed yield is 

due to the extra multiplication, which with brassicas could give a thousand-fold increase.  

The cost  of cheaper seed production is a relative drop in yield and uniformity.  Again, 

however, self incompatibility has the advantage that the single-cross seed can be mixed 
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together for sowing and the whole crop is harvested.  The production of double-crosses 

depends on the singlecrosses  being fully sib-incompatible, which depends on the 

interactions of the s-alleles concerned. Knowledge of how the S alleles usually interact is 

important but, even so, their reaction together in a new background genotypes cannot be 

determined until the crosses are actually produced at the end of the breeding cycle.  

1. Sporophytic self-incompatibility also enables a further stage in the development of 

complex hybrids, which is the production of triple-cross hybrids (Thompson 1964).  The 

procedure here involves the crossing together of two three-way crosses to produce the final 

hybrid.  The method depends on the S-alleles of the inbred lines used for the three way 

crosses being fully active in their progeny. In Fig.2, S3 and S6 must both be fully dominant or 

codominant.  The method cannot be used with gametophytic self incompatibility because 

the three-way hybrids would be partially cross-fertile.  This procedure has minimal 

advantage over synthetic varieties in terms of yield and uniformity.  

2. Use of  Isogenic Lines  

Modifications can be made to the normal procedures described earlier to achieve a 

compromise between seed production, hybrid yield and uniformity.  

Three way crosses       Double crosses  

 Normal Lines   

Inbred A Inbred B  Inbred A  Inbred B  Inbred C  Inbred D 

S1S1 x S2S2 S1S1 x S2S2  S3S3 x S4S4 

  Inbred C    

  S1S2 x S3S3 S1S2x S3S4 

 

 Three way hybrid    double cross hybrid   

Isogenic Lines 

 Inbred A1 Inbred B2 Inbred A1 Inbred B2 Inbred B1 Inbred B2 

 S1S1 x S2S2 S1S1 x S2S2 S3S3 x S4S4 

  Inbred B    
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  S1S2 x S3S3 S1S2x S3S4 

 

 Isogenic F1 hybrid    Isogenic F1 hybrid   

Isogenic and compatible Lines 

Inbred A1 Inbred B2 Inbred A1 Inbred B2 Inbred B1  Inbred B2 

S1S1 x S0S0 S1S1 x S0S0 S2S2 x S0S0 

 

Inbred B  

  S1S0 x S0S0 S1S0 x S2S0 

 

 Isogenic F1 hybrid    Isogenic F1 hybrid   

* Self comptaible allele - S0 

The use of isogenic (or near-isogenic) lines enables the production of complex hybrids 

having the qualities of F1 hybrids (fig.1) this was suggested for double-cross hybrids of cole 

crops by Nieuwhof (1968), but could be used with triple-crosses as well. The strict 

requirement for uniformity in some crops makes the normal double cross unsuitable.  In 

these cases the isogenic double cross should give suitable yields and uniformity of the 

hybrid, but with the extra multiplication to produce higher yields of cheaper seed.  The 

disadvantage of the method is that seed yields will only be those of inbred lines,  instead of 

the more vigorous F1 hybrids.  

3. Use of Compatible Lines  

In the situation where self-incompatibility is being introduced into a normally self 

compatible crop, e.g., swedes and rape (B. napus), a further modification can be made 

(Gowers).  If the S-alleles available are strong enough, they should produce 

selfincompatibility in plants that are heterozygous for   

 

 Inbred A Inbred B     Inbred C  Inbred D  

 S1S1 x c S4S4 x S5S5 
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 A.B   Inbred E   Inbred F        C.D  

  S1S2 x S3S3 S6S6 x S4S5 

 

 S1S3 S4S6 

 S2S3 x S5S6 

 

the self compatibility allele.  This means that self-incompatible progeny for making the 

double cross (Fig 1).  The method has two major advantages: the number of S-allele inbred 

lines to be produced is halved and the self-incompatibility of the hybrid is tested at each 

generation of the backcrossing series.  The breeding work is much reduced, therefore, and 

the uncertainty of the self-incompatibility reaction in the single-crosses is removed.  

4. F1 hybrid seed production  

 The frist use of SI in hybrid seed production occurred with Chinese Cabbage in 1949 and 

extended to Brassica oleracea, cyandon dactylon Brassica napus, and Petunia hybrid.  The 

economic advantage offered by using SI in hybrid seed production stems from the 

elimination of costly hand emasculation and pollination.  

 The general methodology employed  in the production of F1 hybrid seed using sporphytic 

SI.  

Preparing materials  

  Foundation materials are divided into two groups  

  A and B based on morphological and /or ecological characteristics  

  Mass selection of small individuals in each population (2-4 generation)  

Selection of material strains  

  Groups a populations are crossed in diallel with Group B  

  Selection of promising strains with high general combining  

  Ability in each group for advancement (generation)  

Triple -cross hybrid  
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Selection of Individuals  

  Group a strains are crossed in diallel with Group B  

  Parent with high combining ability being cross compatible  

  And other characteristics will be fixed  

Selection and development of inbred lines  

 The desirable lines in regard to the incompatibility and either  

 Characteristics will be fixed (2-4 generations)  

 Progeny test of developed inbred lines and trial and production  

 For market (1 generation)  

Increase of developed inbreds by bud pollination  

 Production of stock seed  

 Seeds of each line Xa, Xb, Ye, YD  

 Shd. Be harvested separately  

Commercial seed production  

 In general, development of inbred parent lines using SI require atleast 5-6 years 

(Inbreeding, selecting, testing).  From this point, it may still take ten or more generation 

before the new hybrids is created.  

Several problems arise with the use of SI in hybrid seed production.  First, the development 

of homozygous inbred parents often selects against the expression of SI.  When it is time to 

use these parents in the creation of hybrid seed, strong expression of SI is necessary so that 

inbreds do not contaminate the seed lots.  

 The phenomenon of in self incombatability  has been successfully utilized  in several crops 

especially vegetables for hybrid seed  production in a commercial scale.  After the induction 

of male sterility system, they are being utilized in a large scale for hybrid seed production. 

However, self incombatability system may be utilized for the development of hybrids as an 

alternative system.  
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CHAPTER-8 

CYTOPLASMIC GENETIC MALE STERILITY IN PLANTS – A MOLECULAR 

PERSPECTIVE 

Male sterility is defined as the failure of plants to produce functional anthers, pollen, or 

male gametes. First documentation of male sterility came in 1763 when Kölreuter observed 

anther abortion within species and specific hybrids. It is more prevalent than female 

sterility, probably because, male sporophyte and gametophyte less protected from 

environment than ovule and embryo sac. Male sterility is easy to detect because a large 

number of pollen are produced and could be easily studied. It can also be easily assayed 

through staining technique (carmine, lactophenol or iodine); while detection of female 

sterility requires crossing. Male sterility has propagation potential in nature since it can still 

set seed and is important for crop breeding, while female sterility does not. Male sterility 

can be aroused spontaneously via mutations in nuclear and/or cytoplasmic genes.  

ANTHER DEVELOPMENT AND POLLEN PRODUCTION  

 Male reproductive processes or microsporogenesis in flowering plants take place in the 

sporophytic organ system called stamen. Stamen contains diploid cells that undergo meiosis 

and produce haploid male spores, or microspores. Microspores divide mitotically and 

differentiate into multicellular male gametophytes, or pollen grains, that contain the sperm 

cells. The stamen consists of two morphologically distinct parts the anther and the filament. 

The anther contains the reproductive and non-reproductive tissues that are responsible for 

producing and releasing pollen grains so that pollination and fertilization processes can 

occur within the flower (fig 1). The non-reproductive tissues include the epidermis, 

endothecium, tapetum, circular cell cluster, connective, stomium, and vascular bundle. The 

include microspores. Each of these tissues and cell types carries out specialized tasks. The 

stomium and circular cell cluster are involved in dehiscence, the tapetum plays a role in 

pollen wall formation, and the connective is responsible for anchoring the four pollen sacs 

together into a single anther structure. In addition to these diploid sporophytic tissues, the 

anther also contains reproductive tissues namely, haploid microspores that fill the pollen 

sacs and differentiate into pollen grains.  Different anther cell types and their functions are 

listed in Table 1.  The filament is a tube of vascular tissue that anchors the stamen to the 

flower and serves as a conduit for water and nutrients. 
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Fig 1. The cellular structure of a fully matured anther  

 

                       Fig. 2. A generalized overview of anther development.   

The dashed line through the stage 1 anther drawn in the phase 1 portion of the figure 

represents the cross-section plane for anthers drawn schematically in phase 2. The vertical 

lines drawn through the endothecium at stages 11 and 12 represent fibrous cell wall bands. 

C, connective; CCC, circular cell cluster; E, epidermis; En, endothecium; PG, pollen grain; PS, 

pollen sac; St, stomium; T, tapetum; Td, tetrads; Th, theca; V, vascular bundle. 
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Table 1. Functions of anther cell and tissue types  

Cell or Tissue type  Major function  

Connective  Join anther theca together; connect anther to 

filament; structure, support, and morphology  

Circular Cell Cluster   

(Also referred to as the crystal- 

containing  idioblasts, 

intersporangial  septum, 

 and hypodermal stomium)  

Dehiscence  

 

Endothecium  Structure and support; dehiscence  

Epidermis  Structure and support; prevent water loss; gas 

exchange; dehiscence  

Microspore  Pollen grain and sperm cell development  

Middle Layer  

(Collectively known as the anther 

wall)  

Structure and support; dehiscence  

Stomium  Dehiscence  

Tapetum  Pollen wall components; nutrients for pollen 

development; enzymes for microspore release 

from tetrads  

Vascular Bundle  Connection between anther, filament, and 

flower; nutrient and water supply  

      

      The development of anther can be divided into two general phases. During phase 1, his 

to specification take place, the morphology of the anther is established, cell and tissue 

differentiation occur, and microspore mother cells undergo meiosis. At the end of phase 1, 

the anther contains most of its specialized cells and tissues, and tetrads of microspores are 

present within the pollen sacs (Fig. 2). During phase 2, a cell degeneration and dehiscence 
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program is executed where pollen grains differentiate, the anther enlarges and is pushed 

upward in the flower by filament extension, and tissue degeneration, dehiscence, and 

pollen grain release occur. The cellular processes that regulate anther cell differentiation, 

establish anther tissue patterns, and cause the anther to switch from phase l to phase 2 are 

not fully known. Cell differentiation and dehiscence events occur in a precise chronological 

order that can be correlated with floral bud size.   

 At the end of phase 1, a differentiated anther has several highly specialized cells and tissues 

that are responsible for carrying out non-reproductive functions (e.g., support and 

dehiscence) and reproductive functions (e.g., spore and pollen formation). The floral 

meristem consists of three "germ" layers, designated L1, L2, and L3, which give rise to 

different anther tissues following stamen primordia initiation. In most cases, individual 

tissues and cell types are derived from a single germ layer. For example, the L1 layer gives 

rise to the epidermis and the stomium; the L2 layer gives rise to the archesporial cells, 

microspore mother cells, endothecium, and middle-wall layers that lie between the 

epidermis and tapetum; and the L3 layer gives rise to the connective, vascular bundle, and 

circular cell cluster adjacent to the stomium. By contrast, both the L2 and L3 layers 

contribute to tapetum formation. Tapetal cells along the upper (inner) portion of the pollen 

sacs are specified from the L3-derived connective tissue, whereas those that line the lower 

(outer) portion of the pollen sacs are specified from the L2-derived archesporial lineage.   

MANIFESTATIONS OF MALE STERILITY  

 Male sterility is manifested in different ways depending on the nature of plant species. It 

can be the absence or malformation of male organs (stamens) in bisexual plants or 

production no male flowers in dioecious plants or failure to develop normal 

microsporogenous tissue in anther. In certain cases abnormal microsporogenesis causes the 

formation of deformed or nonviable pollen. Even if pollens are produced in certain plants, 

abnormal pollen maturation results in inability to germinate on compatible stigmata. In 

certain other cases sporophytic control of male organs produce non-dehiscent anthers 

containing viable pollen; and also barriers other than incompatibility preventing pollen from 

reaching ovule.  

Cytoplasmic male sterility   
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 Cytoplasmic male sterility as the name indicates is under extra nuclear genetic control. They 

show non-Mendelian inheritance and are under the regulation of cytoplasmic factors.  In 

this type, male sterility inherited maternally. This is not a very common type of male sterile 

system in the plant kingdom. In general there are two types of cytoplasm viz.., N (normal) 

and the aberrant S (sterile) cytoplasms. These type exhibits reciprocal differences observed.  

Cytoplasmic Genetic male sterility   

 This type of male sterility systems is common in many plant species across plant kingdom. 

The sterility is manifested by the influence of both nuclear and cytoplasmic genes. There are 

commonly two types of cytoplasms, N (normal) and S (sterile). There are also restorers of 

fertility (Rf) genes, which are distinct from genetic male sterility genes. The Rf genes do not 

have any expression of their own unless the sterile cytoplasm is present. Rf genes are 

required to restore fertility in S cytoplasm which causes sterility. Thus a combination of N 

cytoplasm with rfrf and S cytoplasm with Rf- produces fertiles; while S cytoplasm with rfrf 

produces only male steriles. Another feature of these systems is that Rf mutations (i.e., 

mutations to rf or no fertility restoration) are frequent, so N cytoplasm with Rfrf is best for 

stable fertility.  

 Because of the convenience to control the sterility expression by manipulating the gene – 

cytoplasm combinations in any selected genotype, cytoplasmic genetic male sterility 

systems are widely exploited in crop plants for hybrid breeding.  Incorporation of male 

sterility evades the need for emasculation in cross pollinated species, thus encouraging 

cross breeding producing only hybrid seeds under natural conditions.  

MALE STERILTY IN HYBRID BREEDING  

Hybrid production requires a female plant in which no viable male gametes are borne. 

Emasculation is done to make a plant devoid of pollen so that it is made female.  
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Fig. 3. Schemes for maintenance of parent lines and hybrid seed production utilizing (A) genic male sterility, (B) 
cytoplasmic male sterility, and (C) genic-cytoplasmic male sterility. Solid lines indicate sexual crosses; dashed 
lines indicate seed source to maintain original lines.  

 

           ms, recessive nuclear male sterility gene; MS, dominant nuclear male fertility gene; 

(S), male sterile cytoplasm; (N), male fertile cytoplasm; r, recessive fertility restorer gene 

(male sterile); R, dominant fertility restorer gene (male fertile); , self-pollination.   

Another simple way to establish a female line for hybrid seed production is to identify or 

create a line that is unable to produce viable pollen. This male sterile line is therefore unable 

to self-pollinate, and seed formation is dependent upon pollen from the male line. Genic 
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male sterility is used in hybrid seed production, but has limitations due to the need to 

maintain female parent lines as heterozygotes and the segregation of fertile and sterile 

plants each generation (Figure 3A). Cytoplasmic male sterility (CMS) is also used extensively 

in hybrid seed production. In this case, the sterility is transmitted only through the female 

and all progeny will be sterile (Figure 3B). This is not a problem for crops such as onions or 

carrots where the commodity harvested from the F1 generation is produced during 

vegetative growth. These CMS lines must be maintained by repeated crossing to a sister line 

(known as the maintainer line) that is genetically identical except that it possesses normal 

cytoplasm and is therefore male fertile. In genic cytoplasmic male sterility (Figure 3C) 

restoration of fertility is done using restorer lines carrying nuclear restorer genes in crops.  

The male sterile line is maintained by crossing with a maintainer line which has the same 

genome as that of the MS line but carrying normal fertile cytoplasm.  

GENIC CYTOPLASMIC MALE STERILITY IN MAIZE  

 The most common example cytoplasmic genetic male sterility is reported in maize and is 

perhaps most well studied male sterile system, among crop plants. Maize has a number of 

male sterile cytoplasms –Texas (T), USDA (S) and Charrua (C) besides normal (N). These 

cytoplasms are the most widespread and well characterized. The sterile cytoplasms are 

found to differ from fertile or normal (N) cytoplasms in mitochondrial translation products, 

mitochondrial RFLP and mitochondrial RNA.   

T cytoplasm as a model system   

 Texas (CMS-T) cytoplasmic male sterility was discovered in Texas during 1940s. This sterility 

system was commercially exploited and used extensively throughout the 1960s. CMS-T was 

highly stable under all environmental conditions. It was characterized by failure of anther 

exertion and pollen abortion. Owing to this by 1970’s almost 85% of all corn in the US had 

CMS-T cytoplasm. During 70s development of a new race, race T (the only previously 

identified race at that time was race O) of the southern corn leaf blight pathogen, Bipolaris 

maydis (synonyms: Helminthosporium maydis, Cochliobolus heterostrophus), which was 

highly virulent on plants having T-cytoplasm devastated the entire corn fields in the Eastern 

USA. The T-cytoplasm had a pleiotropic effect, and was very sensitive to T-race toxin from 

the pathogen. Plants bearing the T cytoplasm alone, but not others (S, C, or N) were 

susceptible to race T.  Bipolaris maydis produces a toxin called, T-toxin to which the 
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mitochondria of T- cytoplasm was highly sensitive. The mitochondrial sensitivity and the 

male sterility were under the control of a common gene, which was later termed as T-urf13. 

Later it was also found susceptible to grey leaf spot pathogen, Mycosphaerella zea-maydis, 

which causes diseases by producing a toxin (PM toxin).  

T-urf13 gene in CMS-T  

T-urf13 is a mitochondrial gene which was later found having unique chimeric sequences. It 

was earlier discovered that a 13 kDa polypeptide is present in Tmitchondria, which was 

conspicuously absent in N-mitochondria. This polypeptide, URF13 was the gene product of 

the chimeric gene which was a non-essential polypeptide. The T-urf13 gene arose through a 

mitochondrial recombination event which produced a chimeric reading frame. In the 

presence of the restorer gene Rf, the amount of this polypeptide was found highly reduced. 

Transcript of T-urf13 was regulated by restorer gene Rf1 and two others Rf8 and Rf*, by 

truncating the transcripts at the beginning of the open reading frame (e.g. start codon 

methionine is missing with no presumable translation resulting in no T-urf13 product). 

Other than this all other usual mitochondrial genes appear to be normal.  

Since, T-urf13 is only present in T cytoplasm and encodes URF13 protein associated with 

inner mitochondrial membrane conferring both male sterility and disease susceptibility, this 

gene shows pleiotropic effect for both the traits. Also, plants expressing this gene are 

sensitive to the insecticide methomyl. During susceptibility either the fungal toxin or 

methomyl interact with URF13 and make the plasma membrane permeable by creating 

pores. Degradation of plasma membrane results in massive ion leakage, inhibition of 

glucose-driven respiration, and growth suppression. As the tapetal cells are metabolically 

very active, membrane degradation cause premature degeneration of tapetum resulting in 

no pollen production. Further evidences came from the absence of URF13 transcripts in 

tissue culture revertants for methomyl susceptibility, and they are all found to be male 

fertile.  Most of such revertants showed that T-urf13 is deleted from mitochondrial genome 

by recombination, resulting in a simultaneous loss of cms and disease susceptibility; some 

revertants arose due to mutations (frameshift mutation or premature stop codon) in T-urf13 

that made non-functional URF13 protein. Similarly it was also discovered that the pcf gene 

in petunia and the orf107 gene in sorghum conferring CMS are also chimeric and encode 

nonessential polypeptides.  
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Mode of action of URF13 protein  

URF13 protein contributes to the degeneration of the tapetum during microsporogenesis 

causing disruption of pollen development leading to male cell abortion.  URF13 is only toxic 

to anther cells, even though it is expressed throughout the plant.    

However, some small effects on plant growth and development that is 1-3% reduction in 

plant height, leaf number, and grain yield also have been reported.  URF13 is reported to 

negatively affect callus cultures as well. Experiments on transgenics had shown that URF13 

toxicity is extended to E.coli, insect larvae, cells in culture, tobacco and yeast mitochondria 

which are sensitive to T-toxin or methomyl.  In transgenic plants, expression of URF13 was 

limited to the mitochondria alone.  

In plants, mitochondrial gene functions are essential to all cells in electron transfer, ATP 

formation, and translation of mitochondrial mRNA. Interruption of any of these functions 

would be expected to be lethal. In CMS plants, energy requirements are high in anthers at 

time of pollen development, resulting in a 40 fold increase in mitochondria/cell in tapetum 

and 20 fold increase in sporogenous cells of the maize anther. Such an increase has not 

been observed in other cell types. Mitochondrial mutants like T-urf13 could interfere with 

mitochondrial replication, electron transport, or phosphorylation specifically in the 

tapetum. URF13 is expressed in all cells (hence the susceptibilty to methomyl or T-toxin), 

but its effect on general mitochondrial functions isn’t severe enough to hurt growth and 

development–therefore, the tapetum may be more sensitive to subtle mitochondrial 

perturbations than the rest of the plant.  

Another possible mode of action of URF13 is by the same mechanism that results disease 

sensitivity–that is, an anther-specific compound interacts with URF13 to permeabilize the 

inner mitochondrial membrane. This anther specific compound would have similar 

properties to T-toxins and methomyl, but must be limited to the anther so that other cells 

function normally. However, the anther specific compound has not yet been isolated–

though some evidence it exists.  For example in trangenic tobacco, even when URF13 was 

targeted to the mitochondrial membrane, the plants failed to show male sterility, possibly 

due to the absence of the factor to cause the pore formation.  
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Fertility restoration in CMS-T  

Restoration of fertility in the CMS-T in maize is under the influence of nuclear genes, 

designated as Rf1 and Rf2, both in combination and in dominant condition produce fertile 

pollen under male-sterile cytoplasm. Yet another duplicate loci Rf8 and Rf* are also been 

known to restore fertility or influence fertility restoration.   

Rf1 gene maps to chromosome 3. It is known to alter transcript profile of T-urf13 and 

decreases URF13 expression by 80%. The gene is not yet cloned. The Rf1 allele is rare among 

maize lines, a possible indication that it only functions in male sterility restoration i.e., it 

only evolved in response to T-cytoplasm; and otherwise no selection was found to make it 

necessary. Rf2 gene on the other hand, maps to chromosome 9 and has 75% homology to 

mammalian aldehyde dehydrogenase (ALDH) genes. The Rf2 allele is common among many 

maize lines, including those that have never been exposed to sterile cytoplasms– therefore, 

probably has a function in the cell in addition to its role as a nuclear restorer. Highest levels 

of accumulation of RF2-ALDH protein was reported in tapetum. Rf2 has already been cloned 

using transposon (Mu) tagging technique by isolating a 2.2 kb cDNA containing a 

mitochondrial targeting sequence. In plants ALDH may be used to detoxify ethanol and 

acetaldehyde after brief periods of fermentation.  

One possible way of explaining Rf2 action is the "metabolic” hypothesis.  That is in normal 

cells, RF2-ALDH produces energy by oxidizing fatty acids.  This energy is essential when 

URF13 alters mitochondrial function. Alternatively, ALDH scavenges and detoxifies 

acetaldehyde in normal plants, so that RF2-ALDH prevents tapetum poisoning and death by 

metabolizing acetaldehyde.  Elimination of acetaldehyde is essential if URF13 alters 

mitochondrial function toward more ethanol fermentation, which produces lots of 

acetaldehyde and/or ethanol, both of which are toxic.  

"Interaction” hypothesis refers to interaction of RF2-ALDH directly or indirectly with URF13 

to diminish its deleterious effects. Since ALDHs have broad specificities and diverse 

metabolic functions; therefore, RF2-ALDH could possibly modify component(s) of inner 

mitochondrial membrane or the tapetum specific factor (if it exists). For example, if the 

anther/tapetum specific compound is an aldehyde, RF2 would oxidize it to eliminate the 

problem.  
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Another duplicate loci for fertility restoration, Rf8 and Rf* are also reported in maize. 

Located in chromosome 2L, they are either alleles of a one locus or tightly linked genes.  

They can each partially restore fertility in absence of Rf1. These genes are known to edit 

urf13 transcripts- truncated at the 5’-end making it non-functional.  These are also rare in 

maize populations.  

In the fertility restoration mechanism, even when the T cytoplasm produces URF13, the 

plant will have normal male fertility if dominant alleles occur at two nuclear genes, Rf1 and 

Rf2. The fertility is restored only if both the loci harbour dominant alleles.  However, the 

fertility restoration is under sporophytic control and occurs premeiotically. Thus, in a plant 

which is heterozygous at both loci, produces only ¼ of pollen having Rf1Rf2. But if the plant 

carries male-sterile cytoplasm, fertility is completely restored even in heterozygotes 

(sporophytic determination)–i.e., all pollen will be functional, irrespective of their genetic 

makeup, in other words Rf1rf2, rf1Rf2 and rf1rf2 are functional. Thus, if the plant is 

Rf1rf1Rf2rf2, ¼ of its pollen will have the genotype rf1rf2 yet be fully functional.  These 

nuclear genes must interact in some manner with the URF13 protein, T-urf13 transcription, 

or T-urf13 transcripts in a manner to rescue the damage done potentially caused by the 

active protein.  The Rf1 and Rf2 genes even though restores fertility, they show 

intermediate reaction to pathogens.                                                         

In the case of S cytoplasm, it requires one gene, Rf3 located on chromosome 2L. This gene 

shows gametophytic control of male fertility restoration. If the plant has a sterile cytoplasm 

and is heterozygous Rf3rf3, then ½ of its pollen will sterile.   

CMS systems in other plants  

Other plant systems also show different types of genes influencing male-sterility. Common 

CMS identified in other crop species include green beans, sorghum, beet, carrot, onion, 

petunia, Brassica napus, rye, sunflower, and wheat. CMS can be of spontaneous origin or as 

a result following mutagenesis experiments (mutation of restorer genes), wide crosses, 

segregation of nuclear restorer gene through crossing and inter-specific crosses.  Most of 

the CMS associated genes are chimeric mitochondrial sequences – but few similarities exist 

among them.  However, in at least one well characterized system of Nicotiana sylvestris, 

CMS arises due to a deletion of an entire gene.  
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Besides, mechanisms of the sterility development greatly vary from species to species. In 

maize and many others need expression of chimeric gene in the tapetum to get the sterility 

phenotype i.e., tapetal dysfunction/breakdown causes CMS. While in Phaseolus, ORF239 

protein appears to be toxic to microspores, whether or not it is mitochondrially targeted. It 

is associated with the cell wall of microspores. In Nicotiana sylvestris, CMS mutants I and II 

show large deletions in the mitochondrial genome, with only the nad7 gene, involved in 

mitochondrial respiration, is missing. This results in significant morphological deficiencies, 

including slower development, smaller plants, etc. Results indicate respiration dysfunction 

to cause male sterility under low light (partial otherwise).  

Similar to the action of genes and variable mechanisms contributing to male sterility, 

mechanisms of fertility restoration also vary among plants. In Phaseolus, in the presence of 

the nuclear Fr gene (fertility restorer), loss of the mitochondrial sequence pvs, which 

includes orf239 causing CMS is reported.  Similar to Rf1 in maize T-cytoplasm, alteration of 

transcript profiles of CMS inducing genes is present in many plants like Brassica, Sorghum 

etc. Restoration of Brassica napuspol and nap sterile cytoplasms is conditioned by different 

alleles of the Rfp (Rfn) locus, which reduce the transcript of the chimeric genes orf224 (for 

the pol cytoplasm) and orf222 (for the nap cytoplasm). The Rfn allele was not found in 

common to B. napus genotypes except those with fertility-restored nap cytoplasms, 

suggests that Rfn evolved with the nap cytoplasm.  Restoration of sorghum fertility in the 

IS1112C cytoplasm requires a rare two locus gametophytic system of Rf3 and Rf4. Fertile 

progeny exhibit increased transcript processing activity, in which full length transcripts of 

the sterility chimeric mitochondrial gene orf107, specific to IS1112C cytoplasm, are not 

produced. Also, restoration of fertility in maize S-cytoplasm requires the Rf3 nuclear allele 

with gametophytic determination. When present, it reduces the transcript lengths of two 

chimeric genes present in S-cytoplasm, orf335 and orf77, resulting in restored fertility.  

Post-transcriptional editing (RNA editing) are also reported to cause male sterility in plants.  

In plant mitochondria changes C changed to U most commonly perhaps to create new 

start/stop codons (UAA, UAG or UGA) by RNA editing.  It is possible that tissuespecific 

editing targeting only microsporoes can result male sterility. For example, in atp6 editing 

(but not editing of other mitochondrial transcripts) in sterile sorghum is reduced relative to 

fertile plants in anthers but not in etiolated seedling shoots; progeny that have been 
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restored to fertility have an increase in editing of atp6. Loss of RNA editing is associated with 

CMS.   

GENIC MALE STERILITY (GMS) IN PLANTS  

Among the nuclear genes causing male sterility, ms genes in nucleus are the main class of 

male sterile genes.  Genes such as apetela-3 (ap3), pistillata (pi), and antherless (at) in 

Arabidopsis which affect floral morphology produce structurally male sterile plants.  Genes 

which affect other characteristics in plants may have pleiotropic effects on male fertility–

e.g., mutants of CUT1, an Arabidopsis gene involved in cuticular wax synthesis, cause male 

sterility because waxless pollen has problems interacting with the stigma–although this 

problem can be overcome if the pollen germinates in very humid conditions.  The flavonoid 

pathway is apparently important for normal pollen maturation. An antisense chalcone 

synthase gene was targeted to anthers in petunia, turning off pigment synthesis. Plants with 

white anthers were male sterile because male gametophyte development was arrested.   

Most of the GMS systems are sporogenous i.e., they affect microsporogenesis or 

microgametogenesis rather than structural. Most ms genes act early in pollen development 

and tapetum is primary tissue where many abnormalities are found to occur.  Tapetum is 

innermost wall of microsporangium–provides enzymes, hormones, food for developing 

PMCs and microspores  

GENETIC ENGINEERING FOR MALE STERILITY  

Genetic engineering for male sterility targets the two phases of anther development, viz., 

histodifferentiation of various anther cell type and cell degeneration and dehiscence i.e., 

programmed destruction of circular cell cluster/connective and stomium leading to pollen 

release.  Tapetum which in involved in microspore maturation and the stomium/circular cell 

cluster which regulate dehiscence of pollen grains are the major targeting sites for 

manipulation.  Understanding of temporal and spatial regulation of gene expression during 

the phases is essential followed by identification of suitable promoters for engineering male 

sterility.  

Barnase is an extracellular RNase produced by the soil bacterium, Bacillus amyloliquefaciens 

which uses barnase for self-defense from microbial predators. Barnase destroys the RNA by 

breaking down, and thus barnase is lethal to any cells to which are exposed to it. Like any 

other organisms, banase is lethal to B. amyloliquefaciens too, but it protects itself by 
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producing another enzyme called barstar. Barstar is a specific inhibitor of barnase, and in 

the bacterial cell, barstar binds to barnase in a one-to-one complex, disarming the latter so 

it can do no harm.   
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Fig 4. Engineering genic male sterility using Barnase (A) and restoring fertility to F plants 
using Barstar  
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In tobacco, it has been discovered that for one tapetal-specific gene, designated as TA29, a 

region of ~120 bases 5' to the gene is sufficient and necessary to program tapetal-specific 

transcription (Koltunow et al., 1990). To generate a dominant malesterility gene ("genetic 

laser"), the TA29 gene tapetal-specific transcriptional control region is fused with the 

barnase gene. Genetically-engineered tobacco and canola plants containing the cytotoxic 

TA29/barnase gene were shown to be 100% male sterile as a result of selective tapetal cell 

ablation during a specific time interval of anther development.   

To develop the restorer system for hybrid seed production and to maintain parental male-

sterile lines, a dominant male-fertility restorer gene is developed by fusing TA29 gene 

promoter with the barstar gene. Introduction of the chimeric TA29/barstar gene into male-

sterile canola plants containing the TA29/barnase gene lead to the formation of tapetal-cell-

specific barnase/barstar complexes and restored fertility to genetically engineered male-

sterile plants (Mariani et al., 1992). Since it has been found that the TA29 system holds good 

for many other crops lin4e dicots and monocots, it is possible to use the TA29/barnase 

male-sterility gene and the TA29/barstar male-fertility restorer gene to genetically engineer 

for male fertility control in crop plants thus   

 

                    Fig 5.  Using engineered male sterility in F1 hybrid seed production.   

Engineered genic male sterility is a dominant trait (BarN = Barnase). Female lines are 

maintained by crossing to a homozygous maintainer line. The BarN gene can be linked to a 

herbicide resistance gene to allow fertile plants to be removed easily from the segregating 

population. The remaining sterile (and herbicide-resistant) plants can be used as the female 

parent to produce F1 hybrid seeds. If the male parent line (C) carries the BarStar (BarS) gene, 
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its product will inhibit Barnase activity and restore fertility to the F1 progeny. providing a 

novel new breeding strategy for hybrid seed production (Fig 5). 

 

               Fig 6.. Protoplast fusion to transfer CMS between species.   

Cells are fused to mix the nuclei (Nuc), chloroplasts (chlpl) and mitochondria (mito) of the 

Donor (D) and Recipient (R) cells. During cell proliferation, these organelles sort into 

different cells, and some cells containing the desired combination can be selected and 

regenerated into male-sterile plants. 

Protoplast fusion has also been used to transfer CMS among species. For example, a sterile 

cytoplasm identified in radish (Raphanus sativus) has been transferred to Brassica oleracea 

plants. While this was done with difficulty by repeated backcrossing into the radish 

cytoplasm background, the resulting plants exhibited chlorosis due to incompatibility 

between the Brassica nucleus and the radish chloroplasts. By fusing entire cells of the two 

species, cells were created that had all combinations of nuclei, chloroplasts and 

mitochondria from the donor and recipient plants (Fig. 6). From this mixture, cells could be 

selected and regenerated into plants that contained the Brassica nuclei and chloroplasts, 

but the radish mitochondria that conveyed the male sterility trait. This CMS is more 

desirable for hybrid seed production than the self-incompatibility system, and is slowly 

being introduced into Brassica hybrid seed production.  

Yet another type of sterility control system also has been engineered into the crops which 

sterilises the seeds in the hybrid progenies or in the successive generations of the transgenic 

variety.  Here the farmer can not conserve his harvest to raise the next crop but should go 
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back to the seed producer to get a new bag of seed. This technology better known as 

‘terminator technology’ has invited wraths from many corners of the farming society across 

the world.   

Engineered seed sterility using terminator technology  

There are two key components to terminator technology, which is being widely used, not 

only in plants but in animals as well. The first component is 'site-specific recombination', 

carried out by a recombinase, an enzyme that recognises specific 'sites', or short DNA 

sequences. Any stretch of DNA sequence flanked by two such sites will be spliced out by the 

recombinase.  One of the widely exploited site-specific recombination system is Cre/lox 

system originally isolated from the bacteriophage (bacterial virus) P1. The recombinase Cre 

catalyses recombination between two lox sites, splicing out any stretch of DNA in between.   

To engineer the line with terminator technology, the barnase gene is introduced into the 

line with its promoter sequence be blocked by a sequence flanked by sites recognised by a 

recombinase. The recombinase can be either engineered into the same GM line with the 

barnase gene for male sterility, or it could be introduced by crossing the GM line containing 

barnase with another that contains the recombinase to generate a hybrid. The recombinase 

is placed under the control of a promoter that responds to an external chemical, say, the 

antibiotic tetracycline. When tetracycline is applied, the recombinase is expressed, and 

splices out the blocking sequence in the barnase promoter, so barnase is expressed. By 

treating harvested seed with tetracycline before they are sold to the farmer, the company 

can ensure that the plants grown from the seeds will be pollen sterile. If female-sterility is 

required, the barnase gene could be placed under the control of a promoter that works only 

during ovule development, ie, in the female part of the flower, and the rest is similar.   
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Another system of terminator technology is illustrated below:  

Terminator genes in the absence of the 

inducer.  

Terminator genes in the presence of the 

inducer.  

Gene I: Repressor  

A repressor gene produces a repressor 

protein.  

The same repressor protein is produced.  

Gene II: Recombinase 

Between the promoter and the recombinase gene, a DNA fragment which is a binding 

site for the repressor from Gene I is placed.  

In the absence of the inducer, the 

repressor binds to the binding site and the 

plant cannot produce the recombinase 

enzyme.   

The inducer interferes with the repressor 

attachment to the binding site--thus 

allowing Gene II to produce recombinase.  

Gene III: Toxin 

A gene for a toxin lethal to embryos (Toxin Gene) is controlled by a late promoter (LP) 

that is active only during the late stage of seed development when the embryo is 

developing. Between the late promoter and the toxin gene, scientists place a piece of 

DNA called a Blockerflanked by splicing sites of the recombinase, which interferes with 

the ability of the promoter to turn on the gene.  

Without the inducer, there is no 

recombinase to snip out the blocker.  With 

the blocker in place, no toxin is produced.  

Recombinase from Gene II snips out the 

blocker and allows the late promoter to 

turn on production of the toxin gene late in 

the season.  

 

              To produce viable seeds, the recombinase may be engineered into a GM line with 

the gene coding for barstar, which, when crossed with the male sterile GM line containing 

barnase, will produce a hybrid. The hybrid, treated with tetracycline, will produce plants 

that will still set seed, at least in theory, because the barstar inactivates the barnase.   
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CHAPTER-9 

NEGATIVE HETEROSIS (GENETIC ASPECTS & ITS IMPLICATIONS) 

 

INTRODUCTION  

 Heterosis can be defined quantitatively as an upward deviation of the mid-parent, based on 

the mean values of the two parents (Johnson and Hutchinson, 1993). Heterosis may be 

positive or negative. Depending upon breeding objectives, both positive and negative 

heterosis are useful for crop improvement. In general, positive heterosis is desired for yield 

and negative heterosis for early maturity.   

 Heterosis is expressed in three ways, depending on the criteria used to compare the 

performance of a hybrid. The three ways are: mid- parent, standard variety and better 

parent heterosis. However, from the plant breeder’s viewpoint, better parent and/or 

standard variety is more effective. The former is designated as heterobeltiosis (Fanseco and 

Peterson) and the latter as standard heterosis (Virmani). From a practical point of view, 

standard heterosis is most important because it is aimed at developing desired hybrids 

superior to the existing high yielding commercial varieties.   

 Generally, heterosis is manifested as an increase in vigour, size, growth rate, yield or some 

other characteristic.  But in some cases, the hybrid may be inferior to the weaker parent.  

This is also regarded as heterosis.    

 In 1944, Powers suggested that the term heterosis should be used only when the hybrid is 

either superior or inferior to both the parents.  Other situations should be regarded as 

partial or complete dominance.  This is easily explained with the help of following Table.  

Heterosis and dominance in relation to parental values 

Position and mean value of 
the parents  

Mean value of the F1 hybrid  Phenomenon  

Parent A (10)  > 10  Heterosis  

10  Complete dominance  

(Mid-parent) (8)  < 10 but > 8  Partial dominance  

8 No dominance  

 < 8 but > 6  Partial dominance  

Parent B (6)  6 Complete dominance  

< 6 Heterosis  
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There has been considerable confusion due to the use of various terms to describe 

heterosis, and also due to the use of heterosis in different contexts.  For clarity and 

simplicity, it is desirable to avoid the use of many terms to describe similar but somewhat 

different situations.  Three terms, heterosis, hybrid vigour and luxuriance deserve a brief 

consideration in this context.  

Heterosis and Hybrid Vigour  

 Hybrid vigour has been used as a synonym of heterosis.  It is generally agreed that hybrid 

vigour describes only the superiority of hybrids over their parents, while heterosis describes 

other situations as well.  But a vast majority of the cases of heterosis are cases of superiority 

of hybrids over their parents.  The few cases where F1 hybrids are inferior to their parents 

may also be regarded as cases of hybrid vigour in the negative direction.  For example, many 

F1 hybrids in tomato are earlier than their parents.  Earliness in many crops is agriculturally 

desirable.  It may be argued that the earliness of F1 hybrids exhibits a faster development in 

them so that their vegetative phase is replaced by the reproductive phase more quickly than 

in their parents.  Therefore, the use of heterosis and hybrid vigour as synonym seems to be 

reasonably justified.  

Luxuriance  

 Luxuriance is the increased vigour and size of interspecific hybrids.  The principal difference 

between heteroris and luxuriance lies in the reproductive ability of the hybrids.  Heterosis is 

accompanied with an increased fertility, while luxuriance is expressed by interspecific 

hybrids that are generally sterile or poorly fertile.  

GENETIC BASES OF HETEROSIS AND INBREEDING DEPRESSION  

 Heterosis and inbreeding depression are closely related phenomena.  In fact, they may be 

regarded as the two opposite sides of the same coin.  Inbreeding depression (ID) is usually 

defined as the lowered fitness or vigor of inbred individuals compared with their non-inbred 

counterparts. Its converse is heterosis, the ‘hybrid vigour’ manifested as increased size, 

growth rate or other parameters resulting from the increase in heterozygosity in F1 

generation crosses between inbred lines. Inbreeding depression, the depressive effect, is 

the expression of traits arising from increasing homozygosity (Allard). In quantitative 

genetics theory, inbreeding depression and heterosis are due to non- additive gene action, 

and are considered to be two aspects of the same phenomenon (Mather and Jinks). Li  
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suggested that hybrid break- down in rice was part of ID largely related to additive epistasis.  

The genetic theories that explain heterosis also explain inbreeding depression.  There are 

two main theories to explain heterosis and, consequently, inbreedings depression: (1) 

dominance hypothesis, and (2) overdominance hypothesis.  

Dominance Hypothesis  

 The dominance hypothesis was first proposed by Davenport in 1908.  It was later expanded 

by Bruce, Keeble and Pellew in 1910.  In simplest terms, this hypothesis suggests that at 

each locus the dominant allele has a favourable effect, while the recessive allele has an 

unfavourable effect.  In heterozygous state, the deleterious effects of recessive alleles are 

masked by their dominant alleles.  Thus heterosis results from the masking of harmful 

effects of recessive alleles by their dominant alleles.  Inbreeding depression, on the other 

hand, is produced by the harmful effects of recessive alleles which become homozygous due 

to inbreeding.  Therefore, according to the dominance hypotheses, heterosis is not the 

result of heterozygosity; it is the result of prevention of expression of harmful recessives by 

their dominant alleles.  Similarly, inbreeding depression does not result from homozygosity 

per se, but from the homozygosity of recessive alleles, which has harmful effects.  

 This hypothesis may be further explained as follows.  In open-pollinated populations, plants 

are highly heterozygous.  As a result, they do not show the harmful effects of the large 

number of deleterious recessive alleles present in the population.  Inbreeding increases 

homozygosity.  As a result, many recessive alleles become homozygous.  Letha recessive 

alleles are eliminated by natural selection.  But recessive alleles with smaller harmful effects 

survive in the homozygous condition.  Consequently, such alleles reduce the vigour and 

fertility of the inbred lines that carry them in the homozygous state.  Inbred lines are nearly 

homozygous, and different inbred lines would receive different proportions of dominant 

and recessive alleles.  Therefore, different inbred lines may be expected to vary in vigour 

and yield.  Thus, according to this hypothesis, it should be possible to isolate such inbreds 

that have all the dominant alleles present in the population.  Such inbreds would be as 

vigours as the open-pollinated varieties, or even more so.  But such inbreds have not been 

isolated so far. Similarly, heterosis in an F1 hybrid is a result of the masking of harmful 

effects of recessive alleles present in one parent by the dominant alleles of the concerned 

genes present in the other parent and vice versa, Obviously, heterosis would depend upon 
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the genotypes of the two parents.  Hybrids from parents with similar recessive and 

dominant alleles would show little or no heterosis (Fig.1, cross I), while those with different 

alleles would show heterosis (Fig.1, cross II). In practice, some parents produce heterotic 

progeny, while others do not.  Generally, parents of diverse origin are more likely to 

produce heterotic progeny than those of similar origin.  

 

Cross I    Inbred A   x     Inbred B               F1 

 AA BB cc dd   aa bb CC DD       Aa Bb Cc Dd  

 

F1 HETEROTIC : BOTH HYPOTHESES  

 

Cross II   Inbred A   x     Inbred C              F1 

 AA BB cc dd   aa bb cc dd       Aa Bb cc dd  

 

NO HETEROSIS : DOMINANCE HYPOTHESIS F1 HETEROTIC : OVERDOMINANCE HYPOTHESIS  

 

Cross II   Inbred A   x     Inbred D              F1 

 AA BB cc dd   AA BB cc dd       AA BB cc dd  

 

NO HETEROSIS : BOTH HYPOTHESES  

Fig.1.   Expectations of heterosis due to dominance and over dominance hypotheses.  In cross  
II, F1 is heterozygous for genes a and b.  Therefore, according to overdominace hypothesis, it should be 
heterotic.  But according to dominance hypothesis it will be nonheterotic since the harmful effects of genes c 
and d, which are expressed in inbred A, are also expressed in the  
F1. 
Overdominance Hypothesis  

 This hypothesis was independently proposed by East and Shull in 1908.  This is sometimes 

known as single gene heterosis, super dominance, cumulative action of divergent alleles, 

and stimulation of divergent alleles.  According to this hypothesis, heterozygotes at atleast 

some of the loci are superior to both the relevant homozygotes.  Thus heterozygote A would 

be superior to both the homozygotes AA and aa.  Consequently, heterozygosity is essential 

for and is the cause of heterosis, while homozygosity resulting from inbreeding produces 

inbreeding depression.  It would, therefore, be impossible to isolate inbreds as vigorous as 

F1 hybrids if heterosis were the consequence of overdominance.  
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 In 1936, East proposed that at each locus showing overdominace, there are several alleles, 

e.g., a1, a2, a3, a4 …….etc.,  with increasingly different functions. He further proposed that 

heterozygotes for more divergent alleles would be more heterotic than those involving less 

divergent ones.  For example, a1a4 would be superior to a1a2 a2a3 or a3a4. It is assumed that 

the different alleles perform somewhat different functions.  The hybrid is, therefore, able to 

perform the functions of both the alleles, which is not possible in the case of two 

homozygotes.  

Negative heterotic characters  

The following traits would generally exhibit very low or negative heterosis in many of the 

crops of commercial importance. There is a possibility of developing early maturity lines, 

non lodging types, genotypes free from anti-nutritional principles and disease resistance 

types by considering these negative heterotic characters.   

Earliness in maturity  

Days to flowering  

Days to flag leaf initiation  

Days to first panicle initiation  

Plant height  

Position of first sympodial branch  

Height of first sympodial branch  

Anti-nutritional factors  

Disease resistance   

 Alam  studied the genetic basis of heterosis through mid-parent, standard variety and 

better parent for 11 quantitative traits in 17 parental lines and their 10 selected hybrids in 

rice (Oryza sativa L.). They reported that the characters days to flag leaf initiation, days to 

first panicle initiation, days to 100% flowering and days to maturity showed negative 

heterosis in most of the crosses. Among the 10 crosses, highly negative heterosis was 

observed in 17A×43R, 17A×45R, 27A×39R, and 33A × 39R for both days to 100% flowering 

and days to maturity, except mid-parent heterosis in cross 27A×39R, which suggested the 

possibility of developing early maturity lines from these cross combinations.  Negative 

heterosis for earliness was also reported by Khaleque, Manonmani and Khan in rice. 

Heterosis of hybrid rice was observed to vary in growth duration, ranging from 105 to 135 
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days (Virmani). Rauf studied nine crosses in cotton for earliness related characters and 

reported that, two crosses viz., KMA x N-78 and CIM-448 x NIAB-78 showed negative 

heterosis for earliness related characters such as days to 50% flowering, position of first 

sympodial branch and height of first sympodial branch indicating the overdominance type of 

gene action. The hybrids obtained from these two cross combinations exhibited earliness to 

the tune of eight days as compared to that of hybrid population mean.  Negative heterosis 

for days to peak flowering and position of first sympodial branch in cotton was also reported 

by Ray.   

 Negative heterosis for plant height in rice was reported by Bhanumathy and Krishnaveni 

and Shoba Rani which has resulted in the development of non lodging rice genotypes.  

 The main objective of quality breeding in crops is to reduce or eliminate antinutritional 

properties. Many such works have been reported in various crops like cereals and forages by 

observing negative heterosis which has resulted in the development of low or toxic free 

genotypes. Chandrasekaran and Govindasamy, reported the occurrence of mimosine in the 

leaves of some species of Leucaena and hybrid derivatives of L. diversifolia and L. 

leucocephala. Similarly Malarvizhi and Khan, 1999 assessed nitrate toxicity in Bajra Napier 

(CO 3) at graded doses of nitrogen. Bose and Khan,  also observed nitrate toxicity in hybrid 

fodder.   

Toxic Constituents  

Sl.No  Name of Crop  Toxic Constituents  

1 Sorghum, Desmodium, Subabul, Prosopsis, Zizypus Tannins  

2 Fodder legumes  Osterogens  

3 Lucerne, white clover, red clover, soybean and  

Sesbania 

Saponins  

4 Sorghum, Johnson’s grass, Sudan grass, Cyanodon, 

Flax, Acacia species and Sugarcane tops  

Cyanogenic glucosides  

5 Crotalaria sp, Canary grass  Alkaloids  

6 Oats, rape, sugar beet tops, linseed grass, BN 

hybrid, maize  

Nitrate and nitrites  

7 Napier, Sugarcane tops, Sugar beet leaf, paddy 

straw  

Oxalates  
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8 Subabul, Mimosine pudica Mimosine  

9 All brassicas grown as forage  Goitergens  

10  Lucerne and rape seeds  Phytodynamic agents  

Evolving disease free genotypes is another important objective in plant breeding. Abede and 

Maria, 2004 reported negative heterosis in 75 maize hybrids for Grey leaf spot indicating 

that resistance to GLS could be improved in midaltitude maize hybrids.  

Conclusion  

 Depending upon the breeding objectives both positive and negative heterosis are highly 

essential for crop improvement. As positive heterosis is highly desired for yield and yield 

related traits, negative heterosis is also essential for evolving early duration genotypes, non 

lodging types, anti-nutrirional free types and disease free genotypes.  
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CHAPTER-10 

DIFFERENTIAL DOSAGE HYPOTHESIS – A MOLECULAR PARADIGM FOR 

HETEROTIC MANIFESTATION 

Heterosis, or hybrid vigor, refers to the phenomenon that progeny of diverse inbred 

varieties exhibit greater biomass, speed of development, and fertility than the better of the 

two parents. This phenomenon has been exploited extensively in crop production and has 

been a powerful force in the evolution of plants. The genetic basis has been discussed for 

nearly a century (Shull, 1908), but little consensus has emerged. With the advent of the 

genomic era, the tools to establish a molecular basis for heterosis are at hand. In the past, 

there has been a tendency to attribute any molecular differences between the parents and 

progeny as contributing to the basis of heterosis. Some individuals dismiss the phenomenon 

as hopelessly complex. It seems likely, however, that the complexity derives from its 

multigenic nature and that eventually a unifying principle will emerge. In this article, we 

summarize some of the salient features of heterosis that a viable molecular model must 

explain.  

The classic quantitative genetic explanations for heterosis center on two concepts (Crow, 

1948). The first is "dominance," which originally meant that heterosis results from the 

complementation in the hybrid of different deleterious alleles that were present in the 

inbred parental lines by superior alleles from the opposite parent. Over time, this term 

came to mean the degree to which the heterozygous genotype performs differently from 

the mean of the two homozygous classes. The second historical explanation for heterosis is 

"overdominance," which refers to the idea that allelic interactions occur in the hybrid such 

that the heterozygous class performs better than either homozygous class. Although these 

terms have developed a following in each case, they both now refer to non-additive 

situations, differing in degree. These terms were coined before the molecular concepts of 

genetics were formulated and are not connected with molecular principles. Therefore, they 

are of diminished utility for describing the molecular parameters that accompany heterosis.  

At the molecular level, one can envision two extreme models to explain heterosis. In the 

first case, one might imagine that in the hybrid, when the two different alleles of various 

genes are brought together, there is a combined allelic expression. In the second model, the 

combination of different alleles produces an interaction that causes gene expression in the 
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hybrid to deviate relative to the midparent predictions (e.g., by an upregulation of many 

housekeeping genes). This scenario might best be considered the result of regulatory gene 

allelic interactions. Indeed, a recent article by Song and Messing (2003), described in more 

detail below, provides evidence for altered regulatory effects in hybrids. The challenge in 

the development of a molecular model for heterosis is to make the correct associations 

between phenotype and any causative molecular events that occur in hybrids.  

The preferred explanation for heterosis during the past century was that the two inbred 

lines contain different slightly deleterious alleles at multiple loci. When the hybrid is 

produced, all mutations are complemented, generating progeny that exceed either parent. 

An early criticism of this idea was that if this hypothesis were true, it should be possible to 

create an inbred line with all of the superior alleles, showing little or no hybrid vigor—a 

situation that has not occurred. The counter argument stated that, with so many genes 

involved, it would be impossible to accumulate all of the better alternatives into one line as 

a result of the linkage of the deleterious alleles with superior alleles of other genes. 

Although it is true that any deleterious alleles would become homozygous in different 

inbred lines and that the hybrid would show complementation for these genes, this fact 

might account only for the hybrid being equivalent to the better of the two parents for the 

effect of any individual gene. Alternatively, if the complementation of alleles in different 

genes were cumulative in the phenotype, then heterosis would result. The molecular 

question to be addressed is whether the simple complementation of different slightly 

deleterious alleles generates a growth response that can explain heterosis. However, 

several observations regarding heterosis suggest that the basic principle of heterosis is 

something other than simple complementation.  

The first observation to suggest a basis other than simple complementation is that although 

inbred lines have been improved greatly over the decades, the magnitude of heterosis has 

not diminished but has increased slightly (Duvick, 1999). If heterosis were caused by the 

complementation of deleterious alleles and inbred lines have been purged of the most 

severe of such alleles, then the absolute amount of heterosis might be expected to decline 

somewhat. Selection for better inbred lines has improved the vigor of plants, but it has done 

less to change the magnitude of heterosis. In other words, heterosis gives the appearance of 

being more resistant to artificial selection than the quality of inbred lines themselves. 
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Furthermore, the quality of two inbred lines does not necessarily predict the amount of 

heterosis; this must be determined in a cross. These observations suggest that instead of 

replacing alleles of genes that modulate physiological processes important for heterosis, the 

slight increase in hybrid vigor over the years might have occurred by selecting alleles at the 

right set of loci that produce the best combinations in hybrids to bring about heterosis.  

A second observation about heterosis that argues against simple complementation is 

progressive heterosis in tetraploids. At the diploid level, only two alleles of a gene can occur 

in an individual, but at higher ploidy levels, a variety of allelic combinations are possible for 

any one gene. In autotetraploids that are hybrid between two inbred lines (alleles 

designated AABB), heterosis occurs, but it is typically greater when there are potentially 

three or four different alleles present at the various loci (designated ABCD). Even in 

allohexaploid wheat, in which three different genomes contribute to the genetic 

constitution, hybrids between diverse varieties exhibit heterosis. It appears that vigor 

improves with the greater number of distinct genomes present. For simple 

complementation to explain progressive heterosis, each new step-wise combination of 

genomes would need to supply increasingly superior alleles to complement the preexisting 

rate-limiting alleles without introducing deleterious alleles at other loci. The probability that 

this situation would occur is quite low. A release from a negative dosage effect on vigor by 

identical alleles could account for progressive heterosis, as discussed further below.  

The third observation to consider is that inbreeding depression (the decline in vigor over 

several generations of selfing) in tetraploids of many species proceeds faster than expected 

based on the homozygosis of alleles (Randolph, 1942). In a diploid, selfing of a heterozygote 

(A/B) will produce half of the progeny that are homozygous at any one locus and the other 

half that regenerate the heterozygous situation. In an autotetraploid, the selfing of a 

heterozygote (A/A/B/B) will produce homozygotes (A/A/A/A or B/B/B/B) at any one locus in 

only ~1 of 18 offspring (depending on the degree of linkage to the centromere). In addition 

to A/A/B/B heterozygotes being formed again, A/A/A/B and B/B/B/A het-erozygotes are 

present in the population. Despite this difference in the rate of progression to 

homozygosity, the trajectory of inbreeding depression in tetraploid often is faster than 

predicted and not very different from that in diploids. In some species, tetraploid inbreeding 

depression proceeds faster than at the diploid level. As discovered by Randolph, tetraploid 
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derivatives of inbred maize lines often are less vigorous than the diploid progenitor. Thus, in 

this species, the end product of inbreeding depression in tetraploids is less than that of 

diploids, even though the genotype is identical (but differs in dosage). One resolution of this 

finding is to suggest that allelic dosage plays a more important role in tetraploids for 

generating inbreeding depression than does complete homozygosis itself, because the allelic 

dosage shifts more rapidly than homozygosis during selfing. The increasing number of 

identical alleles appears to have a negative dosage effect on vigor.  

THE DIFFERENTIAL DOSAGE HYPOTHESIS: A MORE GENERAL MODEL  

Haig demonstrated that the complete silencing of one allele is predicted to be both the 

optimal and most stable outcome of parental conflict, a prediction which Haig and 

coworkers call ‘‘the loudest voice prevails principle’’ (Wilkins and Haig, 2003). The principal 

tenet of the differential-dosage hypothesis is that differential contributions to the 

developing seed of any dosage-sensitive regulator will result in a parent-of-origin effect. 

Differential contribution can occur by any mechanism, be it preaccumulated mRNA and   

protein   or chromosomal imprinting, but the complete suppression of one parental allele is 

not required.  

According to Birchleretal, genes that cause dosage effects are expected to encode the 

subunits of macro-molecular complexes, and a decrease in one component affects the 

function and assembly of the whole complex. All the components of the complex need not 

be gene products. Indeed, genes encoding chromatin components are often dosage 

sensitive, and one of the components of this complex is genomic DNA and specific protein 

binding sites. The dosage balance model was initially used to interpret the effects of 

aneuploidy on development. It was proposed to explain heterosis (Birchler et al., 2003) as 

well as instability in neoallopolyploids and interspecific hybrids. If there is any involvement 

of a dosage effect of alleles in polyploid heterosis, this realization is gratifying given that the 

bulk of quantitative trait loci show some degree of semidominant behavior (Tanksley, 1993), 

indicating that the control of quantitative characters is largely affected by multiple loci that 

exhibit an allelic dosage effect. The results of aneuploid studies likewise indicate that 

quantitative characteristics are affected by multiple dosage dependent genes. There is likely 

a connection between these two observations.   
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What is responsible for such dosage effects? It has been argued that these dosage effects 

are a reflection of dosage-dependent gene regulatory hierarchies.  

Most regulatory genes exhibit some measure of dosage dependence, whereas target 

housekeeping genes usually show a greater degree of dominance/recessive behavior 

between allelic alternatives. One possible explanation for this partial dichotomy comes from 

an analysis of dosage-sensitive genes in yeast (Papp et al., 2003). Loci that tend to have a 

significant haplo-insufficient effect on growth in diploid yeast encode products that are 

involved in molecular complexes. Regulatory genes in multicellular organisms often function 

as part of complexes, so if the same rules apply, regulatory genes usually will exhibit some 

measure of dosage dependence, whereas genes that encode metabolic functions will be less 

likely to show a dosage effect. Empirical observations indicate that most regulatory genes 

do exhibit some type of dosage response. Consequently, quantitative traits will be 

controlled in large part by multiple dosagedependent regulatory loci. Following this train of 

thought, one is led to the idea that heterosis is the result of different alleles being present at 

loci that contribute to the regulatory hierarchies that control quantitative traits.  

Are there any data available on gene expression in inbreds and hybrids to suggest a shift in 

gene regulation in hybrids? A recent study by Song and Messing , as well as work in our own 

laboratory (Osborn) and earlier work at the protein level by Romagnoli et al., indicate that 

the expression of many genes does not exhibit the expected midparent value. In the study 

by Song and Messing, zein gene expression was studied in the endosperm of two inbred 

lines and their reciprocal hybrids. There are many zein genes that contribute to the total  

storage  protein  pool.  Zein cDNAs were cloned by reverse transcriptase-mediated PCR and 

then sequenced in large numbers. The relative expression of the various zein genes then 

were determined by the relative frequency of cDNAs for the various genes present in the 

sequenced sample. Of the 10 genes studied, only in one case did the hybrid expression 

follow the predictions of allelic dosage contributing to the genotype. Remarkably, in this 

study and those cited above, the range of deviation fell within either a twofold increase or a 

twofold decrease. The question then becomes, are these changes responsible for heterosis 

or a result of it? And if they are responsible, what property of heterozygosity at regulatory 

loci would produce this response at the target genes?  
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It is interesting to compare these results with the behavior of enhancer trap lines in species 

hybrids in the genus Drosophila. The changes in zein gene expression in maize hybrids have 

parallels with the altered reporter gene activity found in species hybrids.  

Hammerle and Ferrus (2003) examined the expression of enhancer trap lines in D. 

melanogaster and in hybrids with D. simulans or D. mauritiana using lacZ as a reporter. In 

three different ho-mozygous strains of D. melanogaster, no variation in expression was 

found. However, in the interspecific hybrids, lacZ expression was modulated either up or 

down relative to that in the D. melanogaster control. Thus, the behavior of target genes in 

this case shows a pattern similar to that found by Song and Messing (2003). These findings 

indicate that bringing together divergent regulatory hierarchies will cause global 

modulations of target gene expression.  

The magnitude of the changes in plant hybrids is interesting given that heterotic 

characteristics seldom show greater than twofold effects in terms of the change in biomass 

or fertility, although spectacular exceptions exist. Nevertheless, it is important to remember 

that even trivial changes in fertility compounded at each generation will produce a 

tremendous advantage for the favorable genotype. Those genotypes that maintain 

heterozygosity, and hence heterosis, will have an advantage over alternative genotypes 

under most conditions. Thus, documenting these small changes in gene expression will help 

us understand large effects over evolutionary time.  

If changes in gene expression are responsible for heterosis, which genes are involved? 

Furthermore, how do these changes compare with the alterations in gene expression that 

occur in aneuploids, which in most cases are detrimental to vigor? Aneuploidy also causes 

changes in gene expression typically within a twofold range (Birchler, 1979; Birchler and 

Newton, 1981; Guo and Birchler, 1994; Auger et al., 2001). These changes can result from 

structural gene dosage effects, but more often they result from trans-acting effects that 

modulate the expression of most of the genome (Birchler et al., 2001). It has been proposed 

that the reductions in gene expression that occur in both monosomics and trisomics are rate 

limiting on the phenotype and therefore act as underlying contributors to aneuploid 

syndromes (Birchler and Newton, 1981; Guo and Birchler, 1994; Birchler et al., 2001). It 

appears that the reductions in gene expression are detrimental to the vigor of the aneuploid 

plants. To date, these analyses have relied on a sampling of gene expression rather than a 
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comprehensive examination of genome-wide expression patterns. A larger sampling might 

determine, for example, if heterosis in general is correlated with a majority of the increases 

in gene expression while aneuploidy leads to a significant number of reductions in gene 

expression in both monosomics and trisomics. A more complete picture might elucidate this 

distinction, if there is a meaningful comparison to be made. What distinguishes the 

phenotypic consequences of the ups and downs of gene expression in aneuploids versus 

hybrids? One possibility is that the gene expression changes that foster increased biomass 

and fertility have been selected in hybrid states over long periods of time, whereas 

aneuploid situations usually are transitory and the result of laboratory manipulations.  

Microarray analyses might be able to provide some answers about the spectrum of genes 

that change in expression in hybrids and in which direction the changes occur. These 

studies, however, typically discard alterations in gene expression that are below a twofold 

cutoff. It is possible, even probable, that the truly relevant changes would be obscured by 

this type of data treatment. However, as the technology and statistical analysis of 

microarray data improve, the ability to go below this threshold will improve.  

To formulate a molecular model of heterosis, simple broad alternatives need to be tested so 

that more refined and targeted hypothesis testing can focus on the detailed mechanism. 

One could argue that nothing less than defining how the genome interacts to create the 

phenotype is needed for an understanding of heterosis and that this understanding is too 

far in the future to attempt any examination of heterosis at present. Such a view is too 

agnostic and should not stand in the way of chipping away at alternatives. An eventual 

molecular explanation of heterosis will determine whether it can be manipulated for the 

benefit of agriculture and biotechnology.  
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CHAPTER-11 

PHYSIOLOGICAL BASIS OF HETEROSIS 

That progeny of diverse inbred varieties exhibit greater biomass, speed of development, 

fertility and, often yield than the better of the two parents is explicitly known, and this 

phenomenon is referred to as heterosis.  For many years, this phenomenon has been 

exploited extensively in crop production and has been a powerful tool in the evolution of 

plants (Birchlen). As the economic gain resulting from heterosis, especially in terms of grain 

yield, in many food crops is ever increasing, the need for understanding the basic 

mechanism of heterosis, and the demand for exploiting this mechanism more effectively 

and profitably also increased among the researchers.  

The genetic phenomenon heterosis manifests hybrid vigour as a phenotypic expression.  The 

higher yield or greater biomass due to hybrid vigour is the product of a series of synthetic 

reactions leading to greater synthesis or conservation of economic gains.  The assumption is 

that the cross-fertilizing species consist of a large number of genetically different characters, 

some deleterious recessive genes concealed in heterozygotes, which appear during 

inbreeding causing ‘inbreeding depression’. It is now evident that heterosis can be obtained 

in plants for various economically important characters.  When the F1, is better than either 

parent, the existence of hybrid vigour or heterosis is obvious.  It is common to express per 

cent heterosis over the mid-parent value.  But, for obtaining heterosis for economic gain, 

the heterotic hybrid must perform better than the better parent.  

Manifestation of heterosis  

A potential F1, hybrid exhibits greater vigour in terms of plant height, leaf area, growth, 

drymatter accumulation and higher yield in comparison with its inbred parents.  All these 

characters are considered to the quantitative and usually the end product of a serious of 

reactions.  The physiologists view these characters as a consequence of physiological 

stimulus due to heterozygosis.  The concepts involved in heterozygosis are that the hybridity 

could provide a greater and better possibility for expression of dominant genes in the two 

parents or the heterozygosity per se could be more effective than homozygosity.  

Various interpretations and explanations emerged with time to explain heterosis.   

Sinha and Khanna (1975).  Some are :  
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1. Dominance hypothesis, which states that hybrid vigour results from the action and 

interaction of dominant, often linked, growth factors.  

2. Over dominance hypothesis emphasis as the need for heterozygosity for full expression 

of heterosis.  A heterozygote would be better than homozygotes of inbred parents.  

3. Physiological stimulus and initial capital theory suggest that heterozygosity provides 

some physiological stimulus that results in the enlarged size, vigour and higher yield of 

hybrids.  

4. Complementation at cellular and sub cellular levels.  

        In a series of reactions, if one parent has less efficient step, the rate of synthesis will be 

poor.  Another parent may have a different inefficient step.  In a hybrid, these 

deficiencies are assumed to be corrected by complementation.  

5. Balanced metabolism  

       For efficient functioning of an organism, balanced regulation of metabolites is possible 

under heterozygosity (Hageman et al., 1967)   

6. Hormonal and other factors  

        Parents differ in their hormonal contents and in a hybrid, sufficiency in contents is      

achieved by complementation, which results in better growth and productivity.  

PHYSIOLOGICAL BASES FOR HETEROSIS PLANT HEIGHT   

Increase in plant height, which is a measure of biomass in F1 hybrid over the parents, is a 

common feature in many crops and more specifically in maize, sorghum and beans, in 

which, the hybrids showered heterosis ranging from 22.4 to 41.5%.  Plant height is the 

product of number of nodes and average length of internodes.  Hence, it becomes 

important to find out whether the number of nodes and internodal lengths are genetically 

linked or independent.  

The inheritance of the number of nodes and the average nodal length were found to be 

independent characters and the hybrid appeared to have followed the better parent in both 

the characters.  The final height is the multiplicative product and not additive and hence 

appeared to be over dominant.  Plant height in sorghum hybrids CSH 1, CSH 2, CSH 3 also 

showed over-dominance in plant height due multiplicative effect of component characters 

was reported in maize (Nosberger).  
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When tall parents with equal number of nodes and similar internodal length were used in 

jute, heterosis was not obtained.  It appears that one parent should have larger number of 

nodes and other with longer internodes.  

LEAF AREA   

The importance of leaf area in dry matter accumulation and grain yield has been clearly 

understood.  Leaf area is the product of leaf number and unit leaf number and unit leaf size.  

The leaf size has sub components, namely length and width of the leaf.  In determinate 

plants like, sorghum, maize, wheat etc., variation in leaf number is limited.  Then leaf size 

becomes the dominant factor in determining leaf area.  However, in indeterminate plants 

like field bean, Duarte and Adams obtained over dominance in leaf area due to 

multiplicative effect of leaflet number and leaf let size, which were dominant characters in 

any one of the parents.  

BIOMASS  

When harvest index shows limited variations among parents and their progenies, biomass 

plays the pioneering role in deciding final yield, and this is more appropriate in cereals.  The 

F1 hybrids are known to be heavier than their parents.  Hay  indicated that cross pollinated 

maize hybrids resulted in large increase in grain yield mainly due to biomass production 

rather than harvest index.  The genetic control of biomass was by many genes as several 

factors are involved for biomass production, whereas harvest index was regulated by few 

genes.  The increase in biomass has to considered precisely based on the rate of biomass 

accumulation per day.  The increase in biomass in hybrids was attributed to genetic 

dominance between alleles of the same locus combined with additive effects due to 

different loci resulting in heterosis.     

Two major components of biomass production are the leaf area and the net photosynthesis 

per unit leaf area or the net assimilation rate (NAR).  

 Biomass  =  NAR X Leaf area  

But, at what rate the biomass is being added at a time over the initial biomass is expressed 

by relative growth rate (RGR).  

The leaf emergence and leaf spread are advantageous, as greater photosynthesizing area is 

available. Thus, at initial stages leaf area ratio would be an important determinant of 

biomass production.  Nosberger observed heterosis for NAR and the hybrid followed the 
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better parent.  The hybrid also revealed heterosis for unit amount of chlorophyll.  These 

were observed during vegetative stage only.  

YIELD  

Remarkable improvement in yield due to heterosis has occurred in maize, sorghum and 

pearlmillet.  Heterosis for grain yield in maize has been associated with four physiological 

processes (i) LAI due to increased leaf size resulting in increased light interception and DMP 

(ii) heterosis for stay green or leaf area duration during grain filling period (iii) increased 

canopy photosynthesis during grain filling period and (iv) heterosis for harvest index 

(Tollenaar).  Echarte and Tollenaar, observed greater kernel number per plant in the hybrid, 

which was attributed to greater kernel set per unit plant growth rate during silking stage.  In 

maize hybrid, the number of grains per row in a cob determines the yield.  A small degree of 

heterosis on 1000 kernel weight was also observed. Rice, wheat, oats, barely, ragi etc. form 

a group, in which, the number of spikes per plant or number of productive tillers and the 

number of grains per spike or ear head are the major determinants of yield.  Many early 

works revealed no heterosis in the number of spikelets per ear (Singh and Singh).  The 

hybrid followed one of the parents in the number of spikelets per ear.  However, Patnaik  

concluded that the greater sink size of rice hybrids was the result of a larger number of 

spikelets per panicle rather than panicle number.  The grain filling percentage of hybrid rice 

is comparatively high inspite of its larger number of spikelets (Song et al.) which indicates 

efficient current photosynthesis and translocation efficiency after anthesis.  

It becomes important to isolate the components that led to greater biomass production on 

one side and to higher grain yield on the other.  Eventually, it is this relationship between 

the biomass production and its partitioning, which is responsible for yield.  When both 

source and sink increase in a hybrid, then partitioning coefficient or harvest index remains 

unchanged.  But, in dwarf hybrids, the harvest index plays major role.  Among the source 

components, the upper four leaves contributed 75 per cent of total yield in sorghum.  High 

leaf area maintenance after anthesis was more apparent in sorghum hybrids.  It indicates 

that once the potential grain number is achieved, then current photosynthesis and stem 

reserves contribute for higher yield.  

CONCLUSION  
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It is but natural that quantitatively variable traits have to share the available metabolites.  

When all component traits of a system output are considered, selection should be towards 

that set of compromised levels among the traits that will optimize the system output (yield) 

within the given environment.  The hybrid vigour can result from compromised optimization 

among levels of components that compete for part of the ‘constant – capacity plant system’ 

(Wallace and Yan, 1998).  These compromised component levels and consequent 

optimization of system functioning will maximize the yield.  Breeding hybrid cultivars is a 

specialized aspect of breeding for higher yield.  Duvick  stated :  ‘ With all our advances in 

maize genetics and technology we still do not know what causes hybrid vigour nor we do 

not know the genetics of yield or important agronomic traits’.  
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CHAPTER-12 

DNA METHYLATION AND ITS ROLE IN MANIFESTATION OF HETEROSIS.  

Introduction 

 Heterosis is a well-known phenomenon in plant breeding where the progeny from two 

inbreds or distantly related genotypes show increased size in comparison with their parents 

(Shull 1908).  The term heterosis and hybrid vigour are frequently used to explain the same 

phenomena, sometimes leads to confusion.  Hybrid vigour refers to a generally better 

performance of F1 plants, growing more vigourously than their parents, without the 

necessity to express their vigour quantitatively as deviation from the parents.  Heterosis is a 

quantitative term with parental performance (mid-parental value or best-parent value) 

always taken into consideration.  The genetic basis of these events were explained by the 

two early hypotheses viz., dominance hypothesis and over dominance hypothesis.  These 

two hypotheses were based on single locus theory.  Recently Yu et al., in their studies on the 

genetic basis of heterosis using molecular linkage map with 150 segregating loci covering 

the entire genome of rice visualized that epistasis plays a major role in the genetic basis of 

heterosis.  Milborrow stated that hybrid vigour is considered to be a phenomenon in which 

strict regulatory limitations of growth is relaxed by heterozygosity.  The heterozygous 

organism possess some factors coding for control mechanisms in which two slightly 

different alleles occur and this lessens the rigor of control of their expressions.  Elucidation 

of the above views remains a major challenge.  Biometrical studies to understand heterosis 

can only evaluate average (or net) genetic effects on heterosis, while studies involving 

biochemical, physiological or molecular approaches may provide limited insight into a letter 

understanding of this phenomenon.  Several investigators have estimated the correlation 

between isozyme allelic diversity and hybrid vigour.  But the number of isozyme markers has 

been too small for effectively making the plant genome.  With molecular markers, the 

possibility of drastically increasing the number of markers has been realized. This has been 

utilized for the construction of high diversity linkage maps. Stuber based on high-diversity 

linkage maps suggested that, both over dominance and QTLs detected by single-locus 

analysis play a significant role in heterosis.   
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Epigenetic mechanism and Heterosis:  

 Epigenetic changes are the changes that influence the phenotype without altering the 

genotype.  Such changes occur through DNA modification.  Numerous types of epigenetic 

modifications of DNA include methylation of cytosine at position 5 (5mC) a process that is 

known to inactivate eukaryotic genes.  In animals and human, memerous studies suggest 

that DNA methylation has both epigenetic and mutagenic effects on various cellular 

activities such as differential gene expression, cell differentiation.  Cell differentiation, 

chromatin inactivation, genomic imprinting and carcinogenesis.  Yehudit Bergman and Raul 

Mostoslavsky has reported about the tissue specificity of methylation.  Tissue specific genes 

are methylated in most tissues where they are not expressed while they are unmodified in 

their tissue of expression.  In contrast the constitutively expressed house keeping genes 

which harbor a 5' CpG island are unmethylated in all tissues.  DNA methylation facilitates 

the control of gene expression during development and differentiation.Hence DNA 

methylation.  

 Even though little is known about the molecular and biochemical mechanism of DNA 

methylation, present understanding reveals that DNA methylation is involved in genome-

wide regulatory mechanism that affects the expression of many genes important for the 

manifestation of heterosis. The possible role of methylation in the expression of heterosis 

was also put forward by Xiong.  Three classes of patterns of cytosine methylation 

characterized by differences in degree of methylation between the hybrid and the parental 

lines have been proposed by Xiong.  The three classes are (1) same level of methylation in 

the parent and hybrid (2) an increased level of methylation in the hybrid compared to the 

parents and (3) a decreased level of methylation in the hybrid.  In the first case banding 

patterns appeared to follow simple Mendelian inheritance, and in both of the lata cases, the 

banding patterns were not inherited in a Menddian fashion.  Such increased or decreased 

metylation in the hybrid compared to the parents provided some evidence for paret specific 

and / or hybrid-specific differential gene expression.  

Detection of DNA methylation:  

 To find out the functional role of DNA methylation, there has been a series of development 

in the methods used for detecting DNA methylation.  Recetly developed methods can be 

classified into two categories according to the principles used in detection.  One class of 
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method is based on bisulfite treatment, in which unmethylated cytosine residues are 

converted to thymine after bisulfite treatment, whereas methylated cytosine residues 

remaine uncharged (Sadri and Hornsly 1996) for the identification and characterization of 

differentially methylated regions of genomic DNA Gonzalgo et al., have developed a simple 

and reproducible finger printing method called methylation – sensitive arbitrarily primed 

PCR.  They have used restriction enzymes with different sensitivities to cytosine methylation 

in their recognition sites ie., Rsa I, Rsa I + Hpa II and RsaI + Msp I; were used to digest 

genomic DNA for methylation sensitive arbitrarily primed – PCR analysis.  

i. Methylation-sensitive amplification polymorphism (MSAP) assay  

 The method was adapted from Reyna-Lo pez et al., who modified the protocol for AFLP 

described by Vos et al., to incorporate the use of methylationsensitive restriction enzymes. 

The modifed protocol involved the use of the isoschizomers HpaII and MspI in place of MseI 

as the frequent cutter, while the rare cutter EcoRI was unchanged. The adapter and the 

basic primer sequences for the EcoRI end were the same as those used in the original 

protocol (Vos et al. 1995). A new double stranded fragment, referred to as the HpaII-MspI 

adapter, was designed for the isoschizomer digestions by annealing the oligonucleotides 5’-

GATCATGAGTCCTGCT3’and 3’-GTAC TCAGGACGAGC-5’ (the overhanging nucleotides are 

indicated in italics).The basic primer sequence for the HpaII/MspI digests (HM+0) was 

designed accordingly as 5¢-ATCATGAGTCCTGCTCGG-3’ Primers with three selective 

nucleotides for the EcoRI ends (E+3) and one to four selective nucleotides for the HpaIIMspI 

ends (HM+1-HM+4) were designed and tested. All the adapter and primer sequences were 

synthesized by BioSynthesis. To detect MSAP, two digestion reactions were set up at the 

same time. In the ®rst reaction, 2 lg of genomic DNA was digested with 15 U of EcoRI plus 15 

U of HpaII in a volume of 50 ul containing 1´ R-L bu€er (GIBCO-BRL) for 6 h at 37° C. The 

second digestion reaction was carried out in exactly the same way, except that MspI was 

used in place of HpaII. The digested fragments were then ligated to the adapter by adding 

10 ul of ligation mixture, containing 1´ One-PhorAll buffer Pharmacia), 5 mM DTT, 0.5 pmol 

EcoRI adapter, 5 pmol HpaII-MspI adapter, 1 mM ATP and 10 U T4 DNA ligase (New England 

Biolabs), and incubated at 37°C for 4 h. The reactions were stopped by incubating at 65°C 

for 8 min and diluted to 120 u l for PCR amplication.Preamplication was conducted by using 

3 ul of the above ligation  product with E+0/HM+0 primers in a volume of 50 ulcontaining 1´ 
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PCR bu€er, 0.1 mM each dNTP, 50 ng of each primer and 1 U Taq polymerase. The reaction 

involved 30 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min, with a final extension at 

72°C for 5 min. The preamplifed products were then diluted to 200 ul and stored at )20°C 

before use. Selective ampli®cations were conducted in volumes of 20 ul, containing 5ul of 

the preamplifcation product, 30 ng of EcoRI primer, and 40 ng of HpaII-Msp I primer 

endlabeled with [P-32P]ATP; the remaining components of the reaction were the same as in 

the preamplification reaction. The PCR amplification reactions were performed using the 

touch-down cycles as described in the original AFLP protocol (Vos et al). The denatured PCR 

products were separated on a 6% denaturing polyarylamide gel at 65 V for 3 h (Maughan et 

al. ). The gel was then dried and exposed to an X-ray flim for 2±8 h.  

Genome Methylation and Hybrid vigour  

 DNA methylation could be considered as a genome-wide general regulatory mechanisms 

that affects the expression of many genes important for the manifestation of heterosis.  A 

model implicating DNA methylation as a molecular regulator of heterosis was presented by 

R.L. Phillips (at the Workshop on Molecular Basis of Heterosis in Plants, March 19-20, 1991, 

University of Minnesota) and cited by Stuber To obtain more evidence for the possible 

involvement of methylation, Tsaftaris and Polidoros  used the RAP analysis described above 

to obtain a gross estimation of genome activity, and HPLC chromatography to estimate DNA 

methylation.  They found a significant negative correlation between genome activity and 

total DNA methylation.  Isoschizomeric restriction enzymes sensitive and insensitive to 

methylation also were used to analyze DNA methylation in different maize inbreds of 

different pedigrees, and hybrids, revealing differences in total methylation between inbreds 

and hybrids. Estimations of DNA methylation of ten S2 second cycle lines examined in 

conjunction with DNA methylation of the original progenitor parental lines and their F1 

hybrids are shown in table.  The FS68 parental line (a lowyielding inbred) showed 31.4% 

methylation, one of the highest values observed.   The second parental line showed 28.3% 

methylation and their F1 hybrid 27.4%.  Thus the hybrid had a lower percentage of 

methylation than either parent did.  The ten S2 highyielding lines had an average 

methylation of 24.9%.  Their methylation rate varied from 23.8% (line 2B) to 25.8% (line 4A).  

These values are significantly lower, not only from percent methylation of their original 

progenitor parental lines F68 ad NE2, but also from methylation of the progenitor F1, 
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indicating that breeding the original F2 population for higher yield for give continuous 

generations (Koutsika-Sotiriou et al),    using the mass honeycomb selection design, was 

accompanies with concomitant decreased of the methylation level in the derived S2 second 

cycle lines.  

 

 
Fig.  Examples of methylation patterns detected in Zhenshan 97 (lanes 1 and 4), Minghui 63 (lanes 2 and 5), and F1 (lanes 3 and 6) using 
the primer  combinations HM+TCAA/E+AGA (A) and HM+TCAA/E+AAG (B). Lanes 1±3 show patterns from Uag leaves, and those in lanes 
4±6 are from seedlings. H and M refer to digestion with EcoRI+HpaII and EcoRI+MspI, respectively. 

 

         These studies paralleled studies using the CRED-RA technique for monitoring the 

pattern of methylation in certain sites of DNA in maize parental inbreads and their hybrids.  

Like the results of isoschizomeric enzymes and HPLC (concerning total methylation), the 

CRED-RA analysis indicated that:  

(1) hybrids in general are less methylated than their parental inbreds;  

(2) heterotic hybrids are less methylated than related non-heterotic hybrids;   

 (3)Old,low-yieldinginbredsarehighlymethylated;and   

(4) more modern inbreds, especially those selected for high and stable yield under spacing 

in the isolation environment, have lower percentage of methylation in comparison with old 

progenitor lines.  These findings support the hypotheses made by several researchers 

(reviewed by Stuber 1999) that systematic Selfing for isolation of inbreds, with emphasis 

only on combining ability of inbreads (leading to line inbreeding depression), is also leading 

to a gradual accumulation of more methylated sites, which then could be released and/or 

repatterned when the selfed lines are crossed to generate hybrids.  Shifting emphasis to line 

performance per se during selection, though, could moderate line inbreeding depression.  
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While approaching homozygosity, degenerative alleles (possibly methylated and /or even 

mutated genes) in homozygous inbreads could be constantly selected out.  The proven 

higher efficiency of this kind of selection, in inbreds approaching homozygosity, growing in 

the isolation environment, could be correlate with the lower methylation levels of plants 

grown under this condition. 

Genome Function, DNA Methylation, and Performance of F1 Hybrids  

 F1 hybrids, in addition to their homogeneity and high yield, are preferred for their stability 

of performance.  Stability of performance refers to reduce genotype x environmental 

interaction.  This stability of performance of hybrid plants has been particularly obvious 

when the plants are facing different kinds of stress.  Duvick  compared 36 widely are facing 

different kinds of stress. Duvick compared 36 widely grown successful hybrids released at 

intervals from 1934 to 1991.  During this period, genetic yielding ability of these hybrids has 

increased at an annual linear rate of about 74 kg/ha.  The hybrid series showed continuing 

improvement in tolerance to stresses, particularly being more efficient in grain production 

under high-density planting.  More recent data implicating heterosis as a form of stress 

tolerance were presented by Elings et al. (1999) and Kang (1999).  These results agree with 

the hypothesis that increased grain-yielding ability and stability of performance of widely 

successful maize hybrids in due primarily to improved tolerance to stresses, particularly 

high-density planting.  

 Production of contemporary hybrids with high and stable yield was made possible by 

efficient multiyear and multisite testing of the genetic material.  Different years and 

different sites imposed different kind of stresses (water, nutritional, light, pH, temperature, 

etc.) on the tested material.  The concomitant tolerance of newer hybrids to higher and 

higher plant densities in the crop conditions of farmers indicates that densityinduced stress 

in the crop environment consists of an integrated form of all the above partial stress for 

different environmental parameters.  G x E interactions (that are considered a significant 

factor interfering with heritability of selected plants, thus efficiency of selection) actually 

reflect the reaction of genotypes to different stresses imposed by growing the genotype in 

varying sites for years.  Thus, multiyear and multisite selection of the genetic material was 

found indispensable for consideration of G x E interaction and breeding for stability of 

performance.  
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 What is the role of mehtylation in a hybrid’s genomic DNA, especially in tolerating stress, 

leading to more stable yield?  Data have been presented showing that F1 hybrids are in 

general less methylated than their parental inbreds.  The possible role of methylation in the 

expression of maize genes and performance of hybrids under different growth condition has 

been examined in experiments with maize inbreds and hybrids grown under different plant 

densities.  Genotypes growing under wide spacing (1.5m) in the isolation environment are 

considered to be growing under less stress in comparison to those of high-density planting 

(0.3m).  Total genome methylationn using HPLC was measured.  The data concern a set of 

inbreds and two of their most productive hybrids at two developmental stages, an early 

stage when the plants were small and the density-induced stress nonexistent and a later 

stage when the density-induced stress was greatest.  In late stage when the effect of density 

was fully imposed, methylation of inbreds was significantly higher (29.2%) in the dense 

conditions in comparison to spaced plants (27.5%).  The situation was different in the 

hybrids.  Hybrids showed exactly the same methylation in dense and in spaced plantings 

(26.5% vs. 26.2%).  This indicates that hybrids are more tolerant than inbreds to density-

induced increases in methylation.  Similar results were obtained using the CRED-RA analysis 

targeted to methylation of specific sites.  Hybrid were less methylated than inbreds, 

genotypes were found to be more methylated under the highdensity stressful conditions, 

and, most importantly, hybrids remained less methylated even under higher density in 

comparison to parental inbreds.  

5mC content measured in stage B (60 days after planting) under two different conditions 

of growth in the field in five S4 lines selected from the F2 of the commercial hybrid 

‘LORENA’ and two of their hybrids.  Two more lines: the old  

NE2 and an S2 lines were also included for comparison (Tsaftaris et al).  
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Genotypes  
% 5mC content at STAGE B  

Spaced  Dense  

Inbreads  
22M  
30B  
102A  
5C  
NE2  
4D  
60M  
  Average   
Hybrids  
22M x 102A  
60M x 30B  
  Average  

 
26.2  
25.9  
24.2  
29.8  
29.3  
29.5  
27.9  
27.5  
 
26.2  
26.1  
26.1  

 
22.4  
27.3  
28.7  
30.1  
30.6  
32.4  
32.9  
29.2  
 
26.4  
26.5  
26.4  

We can conclude that the genotype, the developmental stage, and conditions of rwoth 

affect the methylation status of genomic DNA.  Selection could change the level of 

methylation.  The uniform low methylation of all S2 high-yieldign second cycle lines tested 

in this study suggest that improvement of line performance per se is related to a decrease of 

methylation after five continuous generations of selection in wide spacing of individual 

plants.  On the other hand, methylation of the ten S2 lines of similar pedigree was lower and 

varied less tha that of tehseven commercial inbreds of different pedigrees used for yearw 

sin the past for hybrid seed production. A systematic evaluation of methylation in inbred 

lines of different eras in the history of maize, particularly today’s inbreds bred for line yield 

per se, always in conjuction with their yield and combining ability, will be highly informative.  

Stressful growth conditions result in more methylated DNA (less expressed) and, in general, 

vigorous hybrid are more resistant to such density-induced methylation and suppression of 

genome activity in their genomic DNA.  This resistance of the hybrid genome to genome 

methylation under different stresses, and consequently, avoidance of suppression of many 

of its genes could be at the core of high F1 yield and, maybe more importantly, F1 stable 

yield.  Taking advantage of existing criteria for evaluating stability of performance of 

different hybrids (Fasoula and Fasoula 1997b), experiments are underway for a systematic 

study of possible correlation between stability of performance and methylation changes in 

the genotype (A.S. Tsaftaris and colleagues, unpublished data).  If such correlation exists, 

then time and money could be saved from multiyear and multisite evaluation of the genetic 

material, since criteria and tests could be devised for fast evolution of genotypes for 
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tolerance to density-induced integrated stress, securing later stability of performance.  As 

emphasis in line selection has been shifting to more productive lines that could generate 

high-yielding hybrids with stable yield in higher densities (substituting double and triple 

hybrids with single F1 seeds), there was a concomitant shift in parental lines giving less 

heterosis, less inbreeding depression, with less methylation.  What will be the result I this 

trend with crossbreeding species such as maize will continue (or even be intensified by 

selecting for line performance per se at the isolation environment that promotes 

demethylation of many genes)?  

To what extent epigenetic phenomena contribute to hybrid vigor will determine the answer 

to the above question.  For instance, bringing in homozygous conditions, in an inbred, many 

gene pairs currently in repulsion phase linkage (which is apparently mostly responsible for 

pseudo-overdominant effects on hybrid vigor) will require time.  Thus, in the meantime, 

exploiting them in heterozygous conditions in F1 hybrids will continue to be a fast solution 

to the pressing and competitive demands for more productive crops.  On the contrary, if 

epigenetic changes such as DNA methylation also contribute to hybrid vigor, transition to 

more productive inbreds will be faster since demethylation of different genes is not 

generally related to their linkage.  Selection for line per se is what nature and breeders are 

doing with crops that are obligate inbreeds.  Despite their homozygosity, high-yielding 

inbred lines developed in these species are widely cultivated.  
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CHAPTER-13 

GENE ACTION & ITS MANIFESTATION -GOVERNING HETEROSIS  

 

A MOLECULAR APPROACH  

Heterosis (or hybrid vigor) is a major reason for the success of the commercial seed industry 

as it has contributed tremendously to the overall productivity increase in major crops and 

plants. Heterosis is the phenomenon by which superiority of the F1 hybrids is resulted by 

crossing two complimentary genotypes.  Heterosis is widely documented phenomenon in 

organisms of different ploidy status, which reproduce sexually. It was first reported in 

animals in 1400 years ago and later in plants from the experiments of the hybridists in the 

19th century (Allard).  The genetic basis of heterosis has been debated for more than 80 

years and still remains unresolved. Two major hypotheses have been promulgated to 

explain this phenomenon: the dominance hypothesis and the over dominance hypothesis. 

The dominance hypothesis, proved by Davenport, and later elaborated by Jones supposes 

that heterosis is due to canceling of deleterious recessives contributed by the one parent, by 

dominant alleles contributed by the other parent in the heterozygous F1. The over 

dominance hypothesis proposed by Shull and East, assumes that the heterozygous 

combination of the alleles at a single locus is superior to either of the homozygous 

combinations of the alleles at that locus.  In the past, geneticists have found it difficult to 

resolve experimentally the dominance vs. over dominance controversy.  

There has been considerable interest in detection and estimation of the genetic 

components underlying quantitative traits. In classical quantitative genetics, such genetic 

components were defined as additive and dominant effects to represent linear and 

nonlinear effects within a locus and epistasis for deviation from additivity between loci. In a 

typical digenic system with two alleles per locus, the epistatic effect can be further 

partitioned into interactions between additive effect of the first locus and additive effect of 

the second locus (AA), additive effect of the first locus and dominance effect of the second 

locus (AD), dominance effect of the first locus and additive effect of the second locus (DA), 

and dominance effect of the first locus and dominance of the second locus (DD). A number 

of experimental designs were developed to decompose and estimate the genetic 

components.  A statistical model based on a number of assumptions as also developed for 

estimating the number of loci involved in the inheritance of a quantitative trait (Wright 
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1968). However, the estimates obtained from experiment using these classical methods 

described the characteristics of a population, from which nothing could be learned 

regarding the genetic effects of individual loci. The rapid advances in the last decade in high-

density molecular linkage maps and the concomitant development of mapping technology 

have enabled the resolution of the genetic effects of quantitative traits into individual 

Mendelian loci. In plants, large efforts also have been made in constructing experimental 

populations for detecting and analyzing quantitative trait loci (QTL). Populations that can be 

permanently maintained are preferred because they can provide unlimited seed supplies for 

repeated experiments in multiple years and locations, thus producing accurate estimates for 

the QTL effects. Such efforts include the development of doubled haploid lines usually 

derived from culturing the pollens of F1 plants from crosses between inbred lines and 

recombinant inbred lines (RILs) derived from crosses between inbred lines by single-seed 

descent method. Many studies have been conducted using doubled haploid and RIL 

populations for detecting and mapping QTL in the last decade. A shortcoming associated 

with both types of populations is that these populations can be used only for detecting 

additive types of genetic effects, including additive effect within each locus and AA between 

loci, and thus have limited use in quantitative genetic analyses to explain the phenomenon 

of heterosis.  

The advent of molecular markers exhibited enormous scope in understanding such complex 

phenomenon since quantitative traits were dissected into Mendelian factors, which follow 

typical Mendelian segregation. Molecular marker maps have now been generated in the 

major crop species and numerous studies have been reported in which markers have been 

used to identify and map quantitative traits, including yield related traits. The marker data 

which offer an impeccable profile of the genomic regions involved in the trait expression 

(QTL) were expected to unravel the unexplained basis of heterosis. QTL analysis has 

experienced a rapid evolution in the past decade which was made possible by numerous 

improved methods of molecular marker analysis. Advances in DNA technology in the past 20 

yrs, particularly restriction fragment hybridization analysis, polymerase chain reaction (PCR), 

and improved cytological analysis have revolutionized genetic analysis and generated new 

possibilities in the study of complex traits. As genetic maps and markers progress from 
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laboratory experimentation to tools that can be used by the practicing plant breeder, the 

technologies used for genotype analysis will become more robust and more reliable.  

Dominance as the cause for heterosis    

Isozyme loci based selection of diverse inbred have led to the development of high yielding 

maize hybrids. Stuber utilized marker facilitated techniques to select the parental inbreds 

based on the genetic variability exhibited by diversity in isozyme loci. Three backcross 

generations (two marker-facilitated) were used for the transfer (introgression) of subsets of 

the identified chromosomal segments into the target lines, B73 and Mo17. This was 

followed by two generations of marker-facilitated selfing to fix the introgressed segments. 

The “enhanced” lines were then crossed inappropriate combinations and the “enhanced” 

single crosses were evaluated in replicated yield tests. On the basis of 4 yr of testing, yields 

of the best “enhanced”B73 and “enhanced” Mo17 hybrids exceeded the original B73  X 

Mo17 hybrid and high yielding commercial hybrids by 8 to 10% (628–1004 kg per ha).Results 

from the transfer of the targeted segments from Tx303 into B73 and from Oh43 into Mo17 

have demonstrated that marker-facilitated backcrossing can be successfully employed to 

manipulate and improve complex traits such as grain yield in maize. Not all of the six 

targeted segments have been successfully transferred into a single modified B73 or 

modified Mo17 line. There appears to be some indication that there may no advantage in 

transferring more than two to four segments. In fact, there is some indication that there 

could be a disadvantage. Increasing the number of transferred segments may be replacing 

the recipient genome with an excessive amount of linked donor chromosomal segments 

that could cause a deleterious effect. Also, epistatic interactions between a larger numbers 

of introgressed segments may result in a negative effect. In addition, favorable epistatic 

complexes in coupling phase (e.g., between recurrent parent alleles) could be disrupted. 

Further evaluations are necessary to determine the effects of larger numbers of transferred 

segments.  

Dominance is the major genetic basis   

Heterosis is the foundation of the great success of hybrid rice in China. From 1976, during 

which hybrid seeds were first released to rice farmers, to 1991 during which the planted 

acreage of hybrid rice accounted for 55% of total planted area of paddy rice in China, the 

cumulative increased grain yield from planting hybrid rice amounted to more than 200 
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million tons. It has been demonstrated empirically that hybrid rice varieties have 15-20% 

yield advantage over the best conventional inbred varieties using similar cultivation 

conditions.   

Xiao et al selected two elite rice homozygous lines for the development of mapping 

population.  QTL analysis of different traits was conducted in a combined populations of 

random inbred as well as backcross progenies. The genome heterozygosity of the backcross 

lines (BC / I or BC /J) was related with the phenotypic value of the traits and results 

anlaysed. An RI population, which allowed more recombination segregation of linked QTLs 

than F2 and backcross populations, was employed to serve as the base population for 

producing the two backcross populations used in this study. Phenotypes were investigated 

in the backcross populations in a replicated yield trial in Hunan, China where hybrid rice 

originally developed. Using QTL data from these combined populations, it was possible to 

estimate the difference in the phenotypic means of heterozygotes (IJ) and homozygotes (II 

or JJ) over all portions of the genome. The QTL mapping results revealed the following.   

        Table 1. Correlation coefficient between genome heterozygosity and trait values  

Trait  BC /1  BC / J  

Plant height  0.204**  0.081  

Days to heading  -0.004  0.021  

Days to maturity  -0.027  0.026  

Panicle  0.143*  -0.021  

Panicles per plant  -0.082  -0.048  

Spikelets per panicle  0.062  -0.013  

Grains per panicle  0.069  -0.026  

Percent seed set  0.028  -0.016  

1000 grain weight  0 068  0.099  

Spikelets per plant  0.026  -0.041  

Grains per plant  0.037  -0.057  

Grain yield  0.091  0.17  

                       * P <0.05 and ** P <0.01.  
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1; Most of significant QTLs (27/37 =73%) were detected in only one of the two backcross 

populations. In 82% of these cases the heterozygotes had higher phenotypic values than 

their respective homozygotes.  

 

2; Ten QTLs were detected with significance in both backcross populations and each pair 

was mapped to the same chromosomal location, and in each of all cases the phenotype of 

the heterozygote fell between those of the two homozygotes. This results suggests that the 

complementation of dominant (including partial dominant) alleles at different loci in the F1 

hybrids is the major contributor to F1 heterosis.  

This conclusion is supported by the general lack of significant correlations between genome 

heterozygosity and the phenotypic traits. Finally one of the predictions of the dominance 

hypothesis is that true inbreeding individuals like F1 in vigour, can be obtained from its 

segregating populations.  

Comparison with maize  

The conclusion that heterosis in rice is largely due to dominance contrasts with QTL studies 

in maize which suggest that over dominance is implicated as the prominent factor 

conditioning heterosis. One possible explanation for this difference is that maize actually 

possesses large number of genes for which alleles interact in a fully over dominant manner 

whereas rice does not.  

From a primary mapping study it is normally not possible to localize a QTL to a region <10 

cM. This leaves open the possibility that an over dominant QTL may actually be a 

deleterious recessive allele at a closely linked locus. This would be detected in a mapping 

study as a QTL with over dominant gene action. This phenomenon was termed pseudo over 

dominance and has been acknowledged as a possible explanation for some of the over 

dominant gene action observed in maize. One might predict that pseudo-over dominance 

would be more likely to occur in plants in which deleterious recessive alleles are more 

abundant.  

Epistasis as the genetic basis for heterosis   

Both the previous studies were based only on single locus theory. However Wright (1968) 

visualized a '"net like" structure of populations genotypes such that the variations of most 

characters are affected by many loci and that each gene replacement may have effect on 
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the characters. Hence epistasis was also thought to be one of the possible basis for 

heterosis .  

Experimental population and field data collection  

The experimental population consisted of 250 F3 families, each derived from bagged seeds 

of a single F2 plant, from a cross between Zhenshan 97 and Minghui 63. These two lines are 

the parents of Shanyou 63, which is the best hybrid in China, with an annual acreage of 6.7 

million hectares in the last decade and accounting for approximately 25% of the rice 

production of China. The F3 families, two parents and F1 were transplanted.  

The molecular marker map has constructed with the F2-F3 generation and QTL analyses were 

conducted in di-genic level. The relationship between maker heterozygosity and trait 

expression was assessed.   

Relationship between marker heterozygosity and trait expression  

Correlations between overall heterozygosity of the F2 individuals and the F3 family means 

were very small for all four traits. They were significant at p <0.05 only for grain weight 

(correlation coefficients 0.17 in 1994 and 0.16 in 1995). Thus the overall heterozygosity 

made very little contribution to trait expression. This result differed from analysis of marker 

distance and hybrid performance in di-allel crosses. A possible explanation for the lack of 

correlations is cancellation between positive and negative dominance among various loci, as 

suggested by estimated dominance effects.  

Digenic interactions involving QTLs  

The two way analyses of variance detected interactions between QTLs in grains per panicle 

and grain weight in 1994, and in yield and grains per panicle in 1995. The most noteworthy 

case was that of grain weight in 1994, in which significant interactions were detected in four 

pairs of QTLs. Interactions of QTLs with loci in the rest of the genome were also assessed, 

using markers flanking the QTLs and markers located in the remaining parts of the linkage 

map. The majority of the QTLs were found to interact with at least one other locus and 

many of the QTLs interacted with three or more loci. The most noticeable finding of the 

present study based on a highly heterotic cross is the prevalence and importance of 

epistasis in the rice genome with two pronounced features. First, two locus analyses 

resolved much larger number of loci contributing to trait expression than single-locus 

analyses.  For example, counting only the interactions simultaneously detected in both years 
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for grain number per panicle, the significant two-locus interactions involved a total of 25 loci 

located on 9 of the 12 rice chromosomes., compared with 5 and 7 QTLs detected in the two 

years for this trait. As a second feature, all three types of interactions (AA, AD and DD) 

occurred among the various two locus combinations.  

 

Over dominance at the single locus level was detected at many of the QTLs. However 

because of QTLs that showed overdominance interacted with at least one other locus, it 

may not be appropriate to interpret the single locus marginal effects without specifying the 

genotypes of the counterpart. The result also suggests the possibility of higher order 

interactions (multilocus epistasis) at least for the most complex trait (yield).  

Gene action studies in an useful heterotic combination  

Development of an immortal F2 population  

A population of 240 F9 RILs, derived by single seed descent from a cross between two rice 

lines Zhenshan97 and Minghui 63 was intermated following a design for constructing a 

immortal F2 population (Hua et al). These two lines are the parents of Shanyou 63, the most 

successful rice hybrid in China accounting for approximately 25% of rice production. The 240 

RILs were grouped into two groups and crosses were effected between the lines from 

different groups at random. The crossing was effected three times thus creating a 

population of 360 combinations. These 360 crosses are supposed to consist of genetic 

variability as that of F2 in compositions and frequencies of single and multi locus genotypes. 

Also as the parental seeds of the crosses are permanently maintained, the crosses can be 

regenerated at any time as needed. The population was field tested in the field condition. 

The genetic data using the molecular markers was generated for the hybrids based on the 

respective RIL parents’ marker data.  Thus the entire immortalized F2 population was 

characterized using RFLP and microsatellite markers and QTLs were analyzed to decipher 

the gene action governing heterosis.   

A locus was considered over-dominant if the ratio between the estimated dominance and 

the absolute additivity was more than one and it was considered partial dominance it the 

ration was between 0 and 1. Likewise two genomic regions in chromosome 6 and 9 were 

found to exhibit over dominance for grain yield in rice. However for more than 50% of the 
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QTLs the heterozygosity did not cause any heterotic effect on yield and yield related traits. 

Among the four digenic interactions studies, AA contributed for than 50 % of various traits,  

DD contributing the least frequencies and AD and D with the intermediate frequencies. The 

study revealed that single locus heterozygote dominance or DD effects (double 

heterozygote) was low. In contrast two-locus complimentary homozygote was more 

advantageous. It suggested that accumulation of small advantages over individual loci and 

two-locus combinations might partly explain the genetic basis of heterosis in the F1 hybrid. 

Predictions of yield heterosis of hybrids using either molecular markers or phenotypic values 

of parental lines would be impossible because of the complexity of the genetic basis 

associated with heterosis (Luo et al).  

However in the same mapping population, (Hua et al) by adopting a complex composite 

interval mapping mapped 33 heterotic loci (HL) in 11 out of 12 chromosomes for grain yield 

and yield related characters. The phenotypic effect of this HL was highly environment 

sensitive.  Although AA interaction at two-locus model had exhibited a pronounced effect 

on performance, other interactions also had their influence in making the hybrids high 

yielding. In summary it was concluded that all kinds of genetic effects including single-locus 

heterotic effects and all three forms of interactions combinedly contributed to the genetic 

excellence of hybrids within the immortalized F2 population.  

Conclusion  

The debate on the genetic basis of heterosis still continues even after the molecular 

dissection of the phenomenon. However, the studies so far have indicated that heterosis in 

the cross pollinated crops such as maize is accounted by over dominance (pseudo -

dominance) and that of self pollinated crops such as rice by dominance hypothesis.  

However, the multi- locus interaction of epistasis definitely holds the key since the net-like 

gene interaction is prevalent for most of the traits including even seemingly simple trait like 

heading days. The current research on the molecular breeding with heterosis is aiming to 

bank on the identification of the heterotic blocks in crop plants like rice (Xu. Pers. Comm) 

wherein the specific genomic regions are to be identified responsible for the heterosis and 

diverse lines in such parents can be used for the development of superior hybrids.  
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CHAPTER-14 

 HETEROSIS BREEDING THROUGH GENETIC ENGINEERING   

The country's population of more than a billion is growing at 1.8% per year, outpacing the 

1.4% annual growth rate of rice production. To maintain self-sufficiency, annual production 

needs to increase by 2 million tons every year. Among the many approaches involving rice-

variety improvement that are being explored to break the rice yield barrier, hybrid-rice 

technology appears to be the most feasible and readily adoptable. A good hybrid with good 

grain quality planted on 10 million ha of irrigated land could boost annual rice production by 

10-15 million t. Thus in any crop, it is needless to say that exploitation of heterosis will reap 

the dominant genes beneficial effect leading to boost in the overall expression including 

yield. For any successful exploitation of heterosis the assessment of overall variability is very 

important. It has impact on five important aspects: viz. (1) gene action, (2) genetic 

constitution, (3) adaptability, (4) genetic purity and (5) transfer of genes.    

Gene Action  

Gene action refers to mode of expression of genes for various characters in a population.  

Gene action is of two types I) additive and (ii) non additive (dominance and epistasis).  

Additive gene action is associated with homozygosity and is more in selfpollinated species.  

On the other hand, non additive gene action is associated with heterozygosity and, 

therefore, is more in cross pollinated species.  Selfing of cross pollinated species gradually 

leads to conversion of non additive gene action into additive gene action.  Thus mode of 

pollination determines the type of gene action in a population, which in turn helps in 

deciding a suitable breeding procedure for genetic improvement of crop plants.  

Genetic Constitution  

The breeding populations are of four types: viz. heterozygous, homozygous, heterogeneous 

and homogeneous.  Heterozygous individuals have dissimilar alleles at the corresponding 

loci and segregate on selfing.  Homozygous individuals have similar alleles at the 

corresponding loci and are pure types.  They do not segregate on selfing.  The genotypically 

similar population is known as homogeneous.  It may be homozygous or heterozygous.  

Similarly, genotypically dissimilar populations are known as heterogeneous.  It may again be 

homozygous or heterozygous.  Self pollination leads to homozygosity and cross pollination 

results in heterozygous.  Thus we have to exploit homozygosity in self pollinated crops and 
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heterozygosity in cross pollinated species, because inbreeders have advantages of 

homozygosity and outbreeders have advantage of heterozygosity leads to positive 

heterosis.  

Adaptability  

Adaptability refers to stable performance of a variety over a wide range of environmental 

conditions.  The cross pollinated crop species have better adaptability (buffering capacity) 

than self pollinated species because of more heterozygosity and heterogeneity in the former 

case.  The heterogeneous populations have broad genetic base.  Such  populations have 

greater capacity to stabilize productivity over a wide range of changing environments.  

Heterogeneous populations give more stable yields over several environments than pure 

lines.  Similarly, heterozygous individuals such as F1 hybrids are more stable to 

environmental variations than their homozygous parents.   Thus mode of pollination plays a 

key role in the varietal adaptability.  

Genetic Purity  

Self-pollination maintains the genetic purity of a species and the purity of a variety of self-

pollinated crop can be easily maintained for several years.  Cross pollination creates 

heterozygosity and genetic composition of a cross pollinated variety change gradually.  

Hence, self-pollination is  essential even in cross pollinated species to maintain the purity in 

parental lines.  

Transfer of genes  

Cross-pollination permits transfer of desirable genes form one species to another.  In other 

words, combining of desirable genes from different sources into a single genotype is 

possible only through cross-pollination.  Self-pollination does not permit combining of genes 

from different sources.  

Recent advances in recombination:  

In vitro pollination:   

After the scientific development in tissue culture pave the way of in vitro pollination. This 

can help in recombining the types, which were not possible hither to especially in self 

incompatible or wide hybridization technique. The embryo is rescued and cultured in the 

refined media and the pollen is collected and placed over the stigma/or ovary under 
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sterilized condition is called in vitro pollination or fertilization. By this, indica/ japonica 

crossing, new world with old world cotton etc., were crossed.  

Molecular level recombination:  

 Heritable variations were passed from one generations to another through homologous 

recombination occur during cell division especially during meiosis.. This recombination 

helps in shuffling of genes or characters. In micro-organisms, the scientist discovered 

another type of recombination called non-homologous recombination for its survival as well 

as quick multiplication. Identification of recombianse gene and utilizing them through  

molecular approach /biotechnology has emerging  as  a new idea or source for the  

development of hybrids.   

Identification of recombianse gene and utilizing them through molecular approach 

/biotechnology has emerging as  a new idea or source for the  development of hybrids, but 

it is  still in primitive stage. In this paper the site-specific recombinase gene’s activity and the 

feasibility of utilizing them for the production of hybrids is discussed.  

The identification of precise exchange of DNA sequences between chromosomal and newly 

introduced DNA molecules during 1995 made the hope for this approach. This will take site 

specific and /or homologous recombination reactions.  

Site-specific recombinase system  

Site-specific recombinase is the enzymes that recognize specific DNA sequences, and in the 

presence of two such recombination sites they catalyze the recombination of DNA strands. 

Some of the site-specific recombinase system which have been shown to be functional in 

plant system are   

1. Cre-lox from Eschereichia coli Phage P1  

2. FLP-FRT from Saccharomyces cerevisiae 

3. R-RS from Zygosacchaaromyces rouxii 

4. Mutant Gin protein and Gix site from enteric bacteriphase Mu.  

 All the system proved to be functional and proved with micro level of testing under 

controlled conditions.   

Cre-lox P  system  

In the early 1990's a new method was developed to delete a specific portion of DNA. The 

procedure took advantage of the basic research performed on the bacteriophage called P1. 
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In this virus, there is an enzyme called cre and particular DNA sequences called lox P sites. 

The lox P sites work in pairs and they flank a segment of DNA called a target  Molecular 

biologists recognized the specificity and utility of this viral recombination system and put it 

to good use. Now if you want to excise a piece of DNA at a particular time, all you need to 

do is to flank the target DNA with a pair of lox P sites and introduce the cre enzyme when 

you want the target excised.When the cre enzyme binds to the lox P sites, it cuts the lox 

sites in half and then splices together the two halves after the target DNA has been 

removed.  

FLP-FRT SYSTEM: 

The FLP-FRT system from a 2 micron plasmid of Saccharomyces cerevisiae has been shown 

to be very effective in mediating site-specific recombination’s between foreign, un-

integrated DNA molecules  in maize cells. The FLP enzyme is a 48 KD protein that covalently 

binds as four monomeric units  to two FRT sites and catalyzes the cleavage and ligation of 

these sites. FLP mediated DNA  excisition or inversion occurs depending on the orientation 

of the FRT sites.  

Inverted repeats 

If the two sites at which recombination will take place are oriented oppositely to one 

another in the same DNA molecule then the following illustrates the sequence of events 

that will take place:  

 

The net result is that the segment of DNA between the two recombinogenic sites has 

inverted with respect to the rest of the DNA molecule.In other words, recombination at 

inverted repeats causes an inversion. 

Direct repeats 

If the two sites at which recombination will take place are oriented in the same direction in 

the same DNA molecule then the following illustrates the sequence of events:  
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The net result is that the segment of DNA between the two recombinogenic sites has been 

deleted from the rest of the DNA molecule and appears as a circular molecule.In other 

words, recombination at direct repeats causes a deletion.  

Also it has been noticed if that the FLP mediated integration (Combining) of two DNA 

molecules when the FRT sites are in Trans. The FRT site consists of three repeated DNA 

sequence of 13 bp each; two repeats in direct orientation and one repeat inverted relative 

to the other two. In addition there is an 8 bp spacer region between the repeats which 

determines the overall orientation of the FRT recombination site.   

 

 
        Molecular evidence is provided for genomic recombinations in maize cells induced by the yeast FLP/FRT site-specific recombination system.  

 

                The FLP protein recombined FRT sites previously integrated into the maize genome 

leading to excision of a selectable marker, the neo gene. NPTII activity was not observed 

after the successful recombination process; instead, the gusA gene was activated by the 

removal of the blocking DNA fragment. Genomic sequencing in the region of the FRT site 

(following the recombination reaction) indicated that a precise rearrangement of genomic 

DNA sequences had taken place. The functional FLP gene could be either expressed 

transiently or after stable integration into the maize genome. The efficiency of genomic 

recombination was high enough that a selection for recombination products, or for FLP 

expression, was not required. The results presented here establish the FLP/FRT site-specific 

recombination system as an important tool for controlled modifications of maize genomic  

DNA.                                                                                                                                           
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Hence it was patented by the Scientist of USA, Dr. Thomas K.Hodges and Leszek Lynik of 

Purdue University , with patent number of 5,527,695 as “controlled modification of 

eukaryotic system”.  

According to Hodges, the excision technique, in combination with the development of gene 

targeting procedures, gives researchers the opportunity to find applications in several new 

areas. For example, it will allow researchers to remove a defective gene from a plant, 

change or mutate that gene, and place the improved gene back into the plant on the same 

site on the chromosome as it was originally found.   

The Purdue-developed process received a patent in June,1997 and the technology has been 

licensed to Plant Genetic Systems of Gent, Belgium (a major portion was  acquired by 

AgrEvo of Frankfurt, Germany). The company has an exclusive license for the technology in 

Europe and a non-exclusive license in the United States.   

FLP-FRT SYSTEM IN HIGHER PLANTS: 

The success of gene targeting has opened the way for precise insertion/deletion of genes at 

our will has made wide practical application of this technology. Whether the cell level 

expression will be the same at the higher organized plant level, work was initiated to see the 

expression of site-specific recombinase and transformation efficiency.  

Using site-specific recombinase gene, available at the Department of Botany and Plant 

Pathology at Purdue University,USA.,  plasmid vectors were constructed in both FLP 

(Flipping gene) and FRT (FLP Recognizing Target) gene. The FRT vector containing maize 

ubiquitin promoter with neo-Bar B gene with in FRT sites followed by GUS gene (no 

promoter for GUS) while FLP-Bar B for FLP. These constructs were used directly for particle 

bombardment experiment. These constructs were integrated into the super binary vector of 

Agrobacterium -LBA 4404 got from Japan Tobacco company, by triparental mating.   

Calli were induced from the scuttellar region of Teipei 309 (Japonica variety) by placing the 

sterile dehusked, sterile seeds in the MS media supplemented with 2.5mg/l of 2,4D and 

30gm/l of maltose, and kept for dark for 3 weeks. The embryogenic calli was used for direct 

integration of FLP and FRT genes through particle bombardment.   

The embryogenic calli got from Radon(indica rice) and Ai-Nan-Tsao (japonica) were used for 

co-cultivation with Agrobacteriumvector mediated transformation containing the 

recombinase gene as per the method suggested by Hamid Rashid et al. 1996. Both the calli 
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were screened twice in the media containing Basta, a herbicide tolerance (Rathore et al., 

1993).  The surviving calli was moved to the regeneration media for root and shoot 

induction.  The differentiated plantlets were hardened in plant growth chamber and moved 

to the soil.  

The percentage of independent regenerants through particle bombardment in rice was 

ranged from 1.9 to 2.4.  In total 51 plants survived upto maturity.  These plants are tested 

for stable integration of the inserted gene by the herbicide Basta paste technique and PCR 

technique. Those plants show herbicide tolerance alone moved to PCR analysis using the 

primers for the GUS genes. Those lines showing positive signals in PCR were subjected to 

southern blot screening using the recombinase gene as probe. In particle bombardment 14 

plants showed bands indicating the transformation efficiency of 2.2%.   

In Agrobacteriummediated transformation also strict screening for the identification of 

stable transformed plants was done as described above.  The percentage of regeneration 

was with a total of 155 plants were produced and a percentage of 7.46 for Radon and 5.26 

for Ai-Nan-Tsao as the stable transformants.  This indicates that Agrobacterium mediated 

transformation is more efficient than particle bombardment, which is in accordance with 

(Hodges et al).   

 The basic principle of recombinase genes is  the FLP recognize the FRT site and  do excision 

by flipping of the neo-BAR B genes, resulting in the union of Gus A with the promoter of 

Ubiquitin, which makes the GUS as functional and showing the blue spots.   

To prove this, the genomic DNA was extracted from the transgenic plants of both FLP and 

FRT and bombarded the FLP DNA to FRT plants ' leaves and vice versa, the leaves were 

incubated for GUS expression.  The leaves have developed blue spot indicating that the 

excision has taken place.  This confirms the functioning of the recombinase genes in higher 

plants like also.  This will help us to introduce genes in a proper place so as to avoid gene 

silencing.  

MOLECULAR APPROACH IN HYBRID PRODUCTION SYSTEM:  

The success of gene targeting experiment and recombianse system working on higher plant 

level leads to the development of hybrid production system using recombinase genes. At 

present the work is in progress to identify the male sterile gene or a mutant of male fertile 

gene. This gene will be hooked upto the Tapetum specific promoter (TAP  promoter) along 
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with a inducer  which will be functioning only during the time of flower development. The 

inducer may be some antibiotic like tetracycline or some other chemicals. This is essential 

for functioning of the male sterile gene. This construct will be placed inside the two FRT 

sites and this construct is hooked up with hygromcin gene for selection in bacteria and Bar 

gene, a herbicide resistance gene to be selected in higher plants. Another construct of 

plasmid was made with FLP gene, which will recognize the FRT sites along with selectable 

markers at both bacterial and plant system. Both the construct will be placed in side the 

tDNA borders of the Agrobacterium. 

The next step will be to find out the best combination, which will produce maximum hybrid 

vigour through combining ability analysis. After confirming the performance both the 

parents will be selected for transgenic work. In the female parent the first construct with 

male sterile gene will be introduced through Agrobacterium mediated transformation.  In 

the male parent the other construct with FLP gene will be introduced.   

After development of the plants for large-scale production, both the plants will be 

multiplied in isolation by spraying Basta, a herbicide which will kill the non-transgenic 

plants. After multiplication of enough seeds of both the parents, the parents will be raised 

as female: male in the ratio of 4: 2 or 6:2 and in the female parent seeds, mix the inducer 

chemical or spray with inducer chemicals. This will trigger the TAP promoter which in turn 

will make function of the male sterile gene, that leads to non functioning of male part leads 

to male sterility. Necessarily these plants have to get pollen from other plants for the 

production of seeds. The male parents or the pollinator lines raised side by side with FLP 

genes will be carried along with pollen while fertilization and at that time the FLP gets 

activated and the recombinase protein recognize the FRT sites and excise the same. By this 

excision the male sterile gene of the female parent completely removed and the seeds 

produced will be by cross pollination and it is a hybrid seeds.   

Thus by this molecular approach, it will be fecible to produce hybrids in any plant system 

using recombianse system. It can be utilized to develop hybrids in any crops and/or  in any 

parental combination, once these construct is made available. The transgenes are 

eliminated from the hybrid plants while excision. So the grains are devoid of the transgenes 

and can safely used for consumption is an added advantage.  

Terminator Technology for Transgenic Crops   
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The "terminator technology" is the biggest--and the most controversial--news in seed 

research .  The U.S. Patent Office granted the U.S. Department of Agriculture and Delta and 

Pine Land Company (DPL) a patent for genetic engineering processes that kill seeds. 

Described as a "technology protection system" by DPL and as the "terminator technology" 

by the Rural Advancement Foundation International, the patented processes will be used by 

seed companies to prevent farmers from saving seeds to plant the following year. The 

strategy behind the patent is to kill only the embryos--leaving other important seed 

components such as oils and proteins intact.   

 The technology's success depends on a cleverly controlled sequence of interactions among 

the spliced-in genes. The last engineered gene comes into play very late in seed 

development when a special switch under the control of the inducer turns on the gene 

causing it to produce toxin. The toxin kills the embryo that is part of each mature seed.   

Conclusion:   

Thus, molecular approaches recombinase system will definitely help the scientist to first to 

identify the best cross combination by combining ability analysis and these identified best 

cross combination can be converted into male sterile and pollinator lines for the production 

of hybrid seeds. So by these any crop hybrid can be produced.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph ton eBooks                                                                                                                                                    151 

 

 

 

References  

Allard, R.W. 1966. Principles of Plant Breeding, John Wiley and Sons, New York.   
Crow, J.F. 1954. Breeding structure of populations. II. Effective population number. Statistics 

and Mathematics in Biology (eds. O. Kempthorne, T.A. Bancroft, J.W.  Gowen and J.L. 
Lush), Amer, Iava  stage College Press.   

Darwin, (1868). The variation of Animal and Plants under Domestication, J. Murray, London.   
Goven, JW (Ed.) 1952. Heterosis. Iowa state college press, Anes, Iowa.   
Haldane, JBS (1948). The number of genotypes which can be formed with a given number of 

genes, Genet. 49 : 117-119.   
Khokhlov, SS (Ed.) 1976. Apomixis and Plant Breeding; Amerind. Publ. Co. Pvt. Ltd., New 

Delhi.   
Male’cot, G. 1948. Les Mathematiques de l’ Hereditef. Paris : Masson et Cie Vi + 63 pp.   
Mather, K. 1943. Polygenic inheritance and natural selection. Biol. Rev. 18 : 32-64.   
Mukherjee, B.K. 1995. The Heterosis phenomenon. Kalyani publishers, Ludhiana.  
Philip M. Sheridan and David N. Karowe. 2000. Inbreeding, outbreeding, and heterosis in the 

yellow pitcher plant, Sarracenia flava (Sarraceniaceae), in Virginia. American Journal of 

Botany. 2000 ;87:1628-1633.  
Sharma, J.R. 1994. Inbreeding and loss of vigour. In: Principles and Practice of Plant       

Breeding. Tata McGraw-Hill Publishers, New Delhi pp. 115-121  
Stebbins, GL (Jr). 1950. Variation and Evolution in plants. Columbia Univ. Press, New    York.   
Wright,S. (1922). Coefficient of inbreeding and relationship. Aer. Nat., 56 : 330-338.   
Arunachalam.V. and Bandyopadhyay. A., 1980. Are “ Multiple cross-Multiple pollen hybrids” 

an answer for productive populations in Brassica campestris variety brown sarson? 
Theor. And Appl.Genet.54. 203-207.  

Arunachalam.V. and Bandyopadhyay. A.,Nigam, S.N.and Gibbons, R.W., 1984, Heterosis in 
relation to genetic divergence and specific combining ability in groundnut (Arachis 
hypogaea L.). Euphytica 33: 33-39.  

Betrán F. J. , J. M. Ribaut, D. Beck and D. Gonzalez de León 2003 Genetic diversity, specific 
combining ability, and heterosis in tropical maize under stress and nonstress 
environments. Crop Science43:797-806.  

Cowen, N.M. and K.J.Frey. 1987. Relationships between three measures of genetic distance 
and breeding behaviour in oats (Avena sativa L.) . Genome 29: 97-106.    

Cox, T.S. and P. Murphy. 1990. The effect of parental divergence on F2 heterosis in winter 
wheat crosses. Theor. Appl. Genet. 79: 241-250.    

Cress, C.E.,1966. Heterosis of the hybrid related to gene frequency differences between two 
populations. Genetics 53: 269-274.De, R.N., R. Seetharaman, M.K. Sinha and S.P 
Banerjee. 1988. Genetic Divergence in Rice. Indian Journal of Genetics 48, 189-194.  

Dikshit, U.N. and D.Swain. 2000. Genetic divergence and heterosis in Sesame. Indian J. 
Genet. 60: 213-219.  

 Du,J.K., Y.Y. Yao, Z.F.Ni.,H.R.Peng and Q.X.Sun Genetic diversity revealed by ISSR molecular 
marker in common wheat, spelt, compactum and progeny of recurrent  selection Yi 
Chuan Xue Bao. 2002 May;29(5):445-52  



Ph ton eBooks                                                                                                                                                    152 

 

Edilberto, D., Redoni., S. locila, Moremo, A. Samuel and Ordonez 1999. Simple sequence 
polymorphism and heterotic performance in tropical rice hybrids. Plant and Animal 
conference VII. Sandiego, CA, Jan, 17-21.  

Fabrizius, Martin A. Busch, Robert H. Khan, Khalil Huckle, Linda 1998.Genetic diversity and 
heterosis of spring wheat crosses Crop Science; July 01.   

Garcia, P., M.I. Morris, L.E.Saenz-de-Miera, R.W.Allard, M.Perez de la vega, and G.Ladizinsky 
.1991.Genetic diversity and adaptedness in tetraploid Avena barbata and its diploid 
ancestors Avena hirtula and Avena wiestii. Proc Natl Acad Sci U S A. Feb 15;88(4):1207-
11.  

Goodman, M. M. and E. Paternian. 1969.  The races of Maize. III. Choices of appropriate 
characters for racial classification. Econ. Bot., 23: 265 – 271.  

Goodman, M. M. and W. L. Brown. 1988. Races in Maize. In: G. F. Sprague and J.W. Dudley 
(ed). Corn and corn experiment 3rd ed. Agron. Monogr. 18. ASA, Madison, WI.  

Hayes, H.K. and I.J.Johnson. 1939. The breeding of improved selfed lines of corn. J.Amer. 
Soc. Agron. 31: 710-724.  

Joshi, S.S., S. Ramesh, E. Gangappa, D.P. Jagannath and Chikkadevaiah.1997. Limits to  
parental divergence for the occurrence of heterosis in sunflower (Helianthus annuusL.). 
Helia 20: 95-100.  

Lalitha Reddy,S.S., R.A. Sheriff, S. Ramesh and A.Mohan Rao. 2000. Exploring possible limits 
to parental divergence for the occurrence of heterosis in sesame (Sesamum indicum L.). 
Crop Res. 19: 305-309.   

Lefort – Buson, M., Y. Dattee and B. Guillot-Lemoine .1987. Heterosis and genetic distance in 
rapeseed. (Brassica napus L). : Use of kinship coefficient . Genome29: 11-18.    

Malecot,G. 1948. Les mathematiques  de l’ heredite. Masson and Cie, Paris.  
Mohan Rao,G., Lakshmikantha Reddy , R.S. Kulkarni, S. Ramesh and S.S.Lalitha Reddy. 2004. 

Prediction of heterosis based on genetic divergence of parents through regression 
analysis in in sunflower (Helianthus annuusL.). Helia 27: 51-58.  

Moll, R.H., J.H. Lonnquist, J.Velez Fortuno and E.C. Johnson . 1965. The relationship of 
heterosis and genetic divergence in maize. Genetics . 52 : 139-144.  

Paterniani, E. and J.H. Lonnquist.1963. heterosis in inter racial crosses of corn. (Zeamays.L. ) 
Crop Sci. 3: 504-507.  

Richey, F.D. 1942. Mock dominance and hybrid vigour. Science 96: 280.281  
Smith, J.  S. C. and O. S. Smith. 1989.  The description and assessment of distances inbred 

liens of maize II.  The ability of morphological, biochemical and distinctness between 
inbred lines.  Maydica, 34: 151 – 161.  

Smith, O. S., J.S.C. Smith, S. L. Bowen, R. A. Tenberg, and S. J. Wall. 1990. Similarities among 
a group of elite maize inbreds as measured by pedigree, F1 grain yield, heterosis and 
RFLPs. Theor. Appl. Genet., 80: 833 – 840.  

Srivastava P.S.L. and V.Arunachalam .1977. Heterosis as a function of divergence in Triticale. 
Der Pflazenzuchtung 78 : 269-275.  

Williams, J.G.K., A.R Kubelki, K.J Livak and S.V Tingey. 1990. DNA Polymorphism amplified by 
arbitrary primers are useful as genetic markers. Nucleic Acid Research. 18, 6531-6535.  

Xie FM (1993). Hybrid performance and genetic distance as revealed by RF LP’s in rice (Oryza 

sativa L) Ph.D., thesis, Texas A&M University, College Station, Tex.   
Yu, L.X and H.T. Nguyen.1994. Genetic variation detected with RAPD markers among upland 

and lowland rice cultivars (Oryza sativa L) Theoretical and Applied Genetics 87, 668-672.   



Ph ton eBooks                                                                                                                                                    153 

 

Zhang QF, Gao YJ, Yang SH and Li JX. (1995). Molecular divergence and hybrid performance 
in rice. Molecular Breeding 1, 133-142.  

Zhang QF, Gao YJ, Yang SH and Li ZB. (1994). A diallel analysis of heterosis in elite hybrid rice 
based on RFLPs and microsatellites. Theoretical and Applied Genetics 89, 185-192.  

 
 
 

Ashby, E, 1930.  Studies in the inheritance of physiological characters.I. A. physiological 
investigation on the nature of hybrid vigour in maize. Ann. Botany, 46: 1007-1032.  

Beadle, G.W. and Coonradt, V.L. 1944. Heterocaryosis  in Neurospora crassa. Genetics, 29 : 
291-308.  

Brewbaker, J.L. 1964.  Agricultural Genetics. Prentice- Hall Inc. new Jersy  
Bruce, A.B. 1910.  The Mendalian theory of heredity and the augmentation of vigour, 

Science, 32: 627-628.  
Caspari,. E. 1956.  The inheritance of the difference in the composition of the liver 

mitochondria between two mouse strains, Genetics, 41: 107-117.  
Davenport, C.B. 1908.  Degenertion, albinism and inbreeding. Science , 28: 454-455.  
Dodge, B.O. 1942.  Heterocaryotic vigour in Neurospora. Bull. Torrey Bot. Club, 69: 75- 91.  
East E.M. and Hays H.K. 1912. Heterozygosis in evolution and in plant breeding.  U.S. Dept. 

Agric. Bur plant  Indust.  Bull., 243: pp 58.  
Emsweller, S.L. Asen, S. and Umring, J. 1962.  Tumour formation in inter specific hybrids of  

Lillium.Science, 136:226.  
Hrasa, S. 1978.  The relation between number of choloroplasts and number of lamellae in 

the grana of the chloroplasts of winter wheat hybrids.  Polnohospodarstuo, 24: 22-27.  
Jones, D.F. 1952.  Plasmagenes and chromogenes in relation to heterosis . In: Heterosis (ed 

J.W. Gowen) pp. 224,. Iowa state college press, Ames, Iowa.  
Keeble,  F and Pellow, C. 1910.  The mode of inheritance  of structure and of time of 

flowering in peas.  J. Genetics, 1:47-56.  
Mackey, J. 1976.Genetic and Evolutionary  principles of heterosis. Eucarpia, VII: 17-33.  
Ovchinnikova, M.F. and Yakovlev, A. 1978.  Complementation of chloroplasts and the 

prediction of heterosis.  Selekt semenovadst, 2:77-79.  
Powell, J.R. 1971.  Genetic polymorphisms in varied environments. Science, 174: 1035 – 

1036.  
Sarkissian, I.V. and MC Daniel, R.G. 1967.  Mitochonodrial polymorphism in maize, Proc. 

Natl. Acad. Sci., USA, 57: 1262 – 1266.  
Shull, G.H. 1908.  The composition of a field of maize. Rept. Amer.  Breeders Assoc. 4:296-

301.  
Shull, G.H. 1952.  Beginings of the heterosis concept.  In: Heterosis (ed. J.W. Gowen) pp 14-

48. State college press, Ames.  
East, Edward, M. 1908.  Inbreeding in Corn. Rept Connecticut Agric. Expt. Sta. for 1907.  
pp 419-428  
Shull, G.H. 1914.  Duplicate genes for capsule form in Bursa bursa pastoris. zeitschr indukt 

Abstamm U. Verebungsl ., 12: 97-149.  
Sprague, G.F. and  Tatum, L.A., 1942.  General Vs specific combining ability in single crosses 

of corn.  Jour. Amer. Soc., Agron., 34:923-932.  
Griffing, B., 1956 a.  Concept of general and specific combining ability is relation to diallel 

crossing systems.  Aust J. Biol.  Sci., 9: 463-493.  



Ph ton eBooks                                                                                                                                                    154 

 

Griffing, B. 1956 b.  A generalized treatment of the use of diallel crosses in quantitative 
inheritance.  Heredity, 10: 31-50.  

Kempthorne, O. 1957.  An introduction to genetic statistics. John wiley & Sons Inc., New 
York.  

Mukherjee, B.K. 1995. The heterosis Phenomenon. Kalyani publishers. 142p.   
Allard, R.W., 1960.  Principles of Plant breeding. John wiley and sons, Inc, New York.   
Banga, S.S. and Banga, S.K., 1998. Hybrid cultivar development.  Narosa publishing house, 

New Delhi.  
Hayes, H.K., 1963, A professor’s story of hybrid corn Burges, Minneapolis U.S.A.  
Sharma, J.R., 1994, Principles and practice of plant breeding.  Tata Mc Graw – Hill Pub; co. 

Ltd. New Delhi.  
Bhispass Mukherjii., 1997,  Heterosis phenomenon, Kalyani Publishers, New Delhi.   
Jones., (1926) Hybrid vigour in rice. J Am Soc Agron 18: 424-428  
Jinks. J.L., (1983) Biometrical genetics of heterosis.  In: Frankel. R. (ed) Heterosis reappraisal 

of theory and practice.  
Anderson E, Brown W.L., 1952.  Origin of corn belt maize and its genetic significance.  In: 

Gowen J.W (ed) Heterosis. IOWA state univ. press. Ames, IOWA, pp 124128.  
Moll. R.H, Lonnquist J.H, Vertz Fortuma. J, Johnson. E.L., 1965.  The relationship of heterosis 

and genetic divergence in maize:  Genetics 52: 139-144.  
Mahalanobis. P.C., 1936.  On the Generalised distance in statistics.  Proc Nat Inst. Sci India 

132: 49-55.  
Bhat. G.M., 1970. Multivariate analysis approach to selection of parents for hybridization 

aiming at yield improvement in self – pollinated crops.  Aust  J. Agri Res., 21: 1-7.  
Glaszmann. J.C., 1987. Isozymes and classification of Asian cultivated rice varieties.  Theor 

Appl. Genet., 74: 21 – 30.  
Wang X.Y., Tanksely S.D., 1989.  Restriction fragment length polymorphism in Oryza sativa L. 

Genome, 32: 1113- 1118.  
 Becker, H.C., and J. Leon. 1988.  Stability analysis in plant breeding.  Plant Breed., 101: 1 – 

23. Crossa, J. (1990).  Advances Agronomy, 44 : 55 – 85.  
Durrant, A., (1958).  Environmental conditioning of flax.  Nature, 181 : 928 – 929.  
Eberhart, S. A. and Russell,W.A. 1966.  Stability parameters for comparing varieties.  Crop 

Sci.  6 : 36-40.  
Finlay, K. W. and Wilkinson, G.N. 1963.  The analysis of adaptation in plant breeding 

programme.  Aust. J. Agric. Res. 14 : 742 – 57.  
Finley, K.W. and  G. M. Wilkinson. (1963).  Aust.J. agric. Res., 14 : 742-757.  
Freeman, G.H. and Perkins, J.M. 1971.  Environmental and genotype – environment 

components of variability.  VIII. Relations between genotypes grown in different 
environments and measures of these environments.  Heredity, 27 : 15-23.  

Gauch, H.G., 1982.  Multivariate Analysis of Community Ecology.  Ist Ed. Cambridge Univ. 
Press, London.  

Gower, J.C., 1967.  Multivariate analysis and multidimensional geometry.  The statistician,  
17 : 13 – 28.  

Guach, H.G. and Zobel, R.W, (1990).  Theor.  Appl. Gen., 79 : 753 – 761.  
Gupta,  V.P.,  Khera,  A.S.  and  Bains,  K.S.  1977.  Concepts  in  Stability   
Analysis.  In Genetics and Wheat Improvement (ed).  A.K. Gupta, 1977, Oxford and IBH 

Publishing Co, New Delhi.  
Hanson, W.D. (1970).  Gebotypic stability.  Theoritical and Applied genetics, 40 : 226 – 231.  



Ph ton eBooks                                                                                                                                                    155 

 

Hill, J. (1967).  The environmental induction of heritable change in Nicotiana rustica.  
Parantal and selection lines.  Genetics 61 : 661 – 675. 

Kempton, R.A. (1984). J. Agr9. Sci, Cam. 103 : 123 – 135. 
Lerner, I.M. 1954.  Genetic Homeostasis.  Oliver and Boyd, Edinburg.  
Lin, C. S. and Binns, M.R. (1994). Concepts and methods for anbalysing regional trial data.  

Plant Breeding Review. 
Lin, C.S., M. R. Binns and L.P. Leafkovitch 1986.  Stability analysis:  where do we stand?  Crop 

Sci., 26 : 894 – 900.  
Mather, K. and Jones, R.M. (1958).  Interaction of genotype and environment in continuous 

variation 1.  Description Biometrics, 14 : 343 – 359.  
Mooers, C.a., (1921).  The agronomic placement of varieties.  Journal of the American 

Society of Agronomy, 13  : 337 – 352.  
Perkins, J.M. and Jinks, J.L. 1968.  Environmental and genotype environmental components 

of variability. III.  Multiple lines and crosses.  Heredity, 23 : 339 – 56.  
Plaisted, R. L. and Peterson, L.C. (1959).  A technique for evaluation the ability of selection 

to yield consistently in different locations or seasons.  Amer. Potato J., 36 :  381 – 385.  
Scott, G.E. 1987.  Selecting for stability of yield in maize.  Crop Sci., 7 : 549 – 551.  
Shorter, R., D.E. Byth  and  V.E. Mungomery. 1977.  Genotype x environments interactions 

and environmental adaptation. II.  Assessment of  environment contributes.  Australiana 
J. of Agric. Res.,  28: 223 – 235.  

Sprague, G.F. and  W.T. Federer (1951).  Agron J., 43:  535 – 541.  
ST. Pierre, C.A., Klinck, H.R. and Gauthier, F.M. (1967).  Early generation selection under 

different environments as it influence adaptation of barley.  Can. J. Plant Science, 47 :  
507 – 517.  

Thurling, N. and Vijendra Das,  L.D., (1979).  Variation in the pre-anthesis development of 
spring rape (Brassica napus L).  Aust, J. Agric, Res. 28 : 597 – 607.  

Westcott, B. (1986).  Heredity, 56:  243 – 253.  
Yates and Cochran, W.G. (1938).  The analysis of groups of experiments.  Journal of Agrl., 

Science, 28 : 556 – 580.  
Alam M.F., Khan M.R., Nuruzzaman M., Parvez S., Swaraz A.M., Alam I., Ahsan N, 2004. 

Genetic basis of heterosis and inbreeding depression in rice (Oryza sativa L.) J Zhejiang 

Univ SCI  5(4):406-411  
Allard, R.W., 1960. Principles of Plant Breeding. John Wiley and Sons, Inc., NewYork.  
Fanseco, S., Peterson, F.L., 1968. Hybrid vigor in a seven parent diallel cross in common 

wheat (T. aestivum L.). Crop Sci, 8:85-88.  
Johnson, T.E., Hutchinson, F.W., 1993. Absence of strong heterosis for life span and other 

life history traits in Caenorhabditis elegans. Genetics, 134:465-474.  
Khaleque, M.A., Jorder, O.I., Eunus, A.M., 1977. Heterosis and combining ability in diallel 

cross of rice (Oryza sativa L). Bangla. J. Agril. Sci, 4:137-145.  
Li, Z.K., Pinson, S.R.M., Paterson, A.H., Park, W.D., Stansel, J.W., 1997. Genetics of hybrid 

sterility and hybrid breakdown in an inter-sub specific rice (Oryza sativa L.) population. 
Genetics, 145:1139-1148.  

Mather, K., Jinks, J.L., 1982. Biometrical Genetics, Ed., 3. Chapman and Hall, London, New 
York.  

Nuruzzaman, M., Alam, M.F., Ahmed, M.G., Shohael, M.A., Biswas, M.K., Amin, M.R, 
Hossain, M.M., 2002.Studies on parental variability and heterosis in rice (Oryza sativa 

L.). Pak. J. Biol. Sc., 5(10):1006-1009.  



Ph ton eBooks                                                                                                                                                    156 

 

RAY, L. Growth and fruiting comparisons of early maturing lines of cotton. In J.M. Brown 

(ed.) Proc. Beltwide cotton Prod. Res. Conf., Houston, TX. 1012 January. National Cotton 

Council, Memphis, TN., 1972, P.64-65.   
Virmani, S.S., 1994. Heterosis and Hybrid Rice Breeding. Springer-Verlag, Berlin Heidelberg, 

Germany.  
Virmani, S.S., 1998. Hybrid Rice Research and Development in the Tropics. In: Virmani, S.S., 

Siddiqe, E.A.,  Muralidharan K; editors. Advances in Hybrids Rice Technology.  
Proceeding of the 3rd International Symposium on Hybrid Rice, 1996, Hydarabad, 

Manila,Philippines, International Rice Research Institute, India, p.35-49.  
Luo LJ, Li ZK, Mei HW, …. 2001. Genetics.158:1755-1771  
Hua JP, Xing YZ, Xu CG, …..2002. Genetics. 162:1885-1895  
Stuber CW, 1992. Plant Breeding Reviews 9:37-61  
Stuber CW, Edwards MD. 1986. Proc. 41

st
 Annual Corn Industry Res. Conf. 41:70-83  

Hua Jinping, Y Xing, W Wu… 2003. Proc. Natl. Acad. Sci. USA.100(5):2574-2579  
Allard RW.1960. Principles of Plant Breeding (Wiley, New York)  
Snedcor GW, Cockram WG. 1980. Statistical Methods (Iowa State Univ. Pres. Ames)  
Wright S. 1968. Evolution and Genetics of Populations (Univ. of Chicago Press, Chicago Press) 

Vol I  
Xiao JH, LI J, Yuan LP…. 1995. Genetics 140:745-754  
Hallauer AR, Miranda JB. 1981. Quantitaive Genetics in Maize Breeding (Iowa State Univ. 

Pres. Ames)  
Yu SB, Li J, Yuan M, ….1997. Proc. Natl. Acad. Sci. USA. 94: 9226-9231  
Luu, D., D. Marty, M. Trick, C. Dumas and P. Heizmann. 1999.  Pollen - stigma adhesion in 

Brassica spp.  Involves SLG and SLRI glycoproeins.  Plant Cell, 11(2) : 251 -262  
Clarke, A.F.E., Newbigin and M.A. Anderson. 1993.  Gametophytic self incompatibility 

systems.  Plant Cell 5: 1315-1324.  
Kovaleva, L.V. 1999. Gametophyte - sporophyte interactions in pollen - pistil systems after 

compatible and incompatible pollination.  Plant Breeding abstracts, 69(3) : 380-381.  
North, C. 1962.  The use of genetic markers in the production of F1 hybrid seed of Brussels 

sprout with special reference to the glossy foliage condition.  16th Intl.  Hort. Congr. Vol 
I.  

De Nettan Cout. 1969.  Radiation effects on the one locus gametophytic system of self 
incompatibility in higher plans.  Theor.  Aplpl. Genet. 39 : 187-196.  

Gowers S. 1975.  Methods of producing f1 hybrids swedes (Brassica napus ssp. Rapifera).  
Euphytica 24: 537-541.  

Nieuwhof M. 1968.  Single and double crosses of cole crops (Brassica oleracea). In: Dixon GE 
(ed) Brassica Meeting of Eucarpia 1968 NVRS, Wellesbourne, pp 2-4.  

Pearson OH. 1932.  Breeding plants of the cabbage group. Calif Agric Exp Sta Bull 1932, 532 : 
3-22.  

Thompson KF. 1964.  Triple-cross hybrid kale. Euphytica 13: 173-177.  
Wallace DH. 1979a.  Procedures for identifying S allele genotypes in Brassica.  Theor Appl 

Genet 54: 249-265.  
Richards AJ. 1986.  Plant breeding systems.  Allen & Unwin.  London, 29 pp  
Koltunow, A. M., Truettner, J., Cox, K. H., Wallroth, M. and Goldberg, R. B. (1990) Different 

temporal and spatial gene expression patterns occur during anther development. The 
Plant Cell, 2: 1201-1224.  



Ph ton eBooks                                                                                                                                                    157 

 

Mariani, C., De Beuckeleer, M., Truettner, J., Leemans, J., Goldberg, R. B.  (1990) Induction 
of male sterility in plants by a ribonuclease gene. Nature347, 737-741.  

Mariani, C., Beuckeleer, M.D., Truettner, J., Leemans, J., and Goldberg, R.B. (1992) A 
chimaeric ribonuclease-inhibitor gene restores fertility to male sterile plants. Nature357: 
384-387.  

Auger, D.L., Newton, K.J., and Birchler, J.A. (2001). Nuclear gene dosage effects upon the 
expression of maize mitochondrial genes. Genetics 157, 1711-1721.  

Birchler, J.A. (1979). A study of enzyme activities in a dosage series of the long arm of 
chromosome one in maize. Genetics 92, 1211-1229.  

Birchler, J.A., and Auger, D.L. (2003). Biological consequences of dosage dependent gene 
regulatory mechanisms in multicellular eukaryotes. In Biology of Dominance, R. Veitia, 
ed (Georgetown, TX: Landes Bioscience).  

Birchler, J.A., Bhadra, U., Pal Bhadra, M., and Auger, D.L. (2001). Dosage dependent gene 
regulation in multicellular eukaryotes: Implications for dosage compensation, aneuploid 
syndromes and quantitative traits. Dev. Biol. 234, 275-288.  

Birchler, J.A., and Newton, K.J. (1981). Modulation of protein levels in chromosomal dosage 
series of maize: The biochemical basis of aneuploid syndromes. Genetics 99, 247-266.  

Crow, J.F. (1948). Alternative hypotheses of hybrid vigor. Genetics 33, 477-487.  
Duvick, D.N. (1999). Heterosis: Feeding people and protecting natural resources. In Genetics 

and Exploitation of Heterosis in Crops, J.G. Coors and S. Pandey, eds (Madison, WI: 
American Society of Agronomy/Crop Science Society of America), pp. 19-29.  

Guo, M., and Birchler, J.A. (1994). Transacting dosage effects on the expression of model 
gene systems in maize aneuploids. Science 266, 1999-2002.  

Hammerle, B., and Ferrus, A. (2003). Expression of enhancers is altered in Drosophila 
melanogaster hybrids. Evol. Dev. 5, 221-230.  

Osborn, T.C., Pires, J.C., Birchler, J.A., Auger, D.L., Chen, Z.J., Lee, H.-S., Comai, L., Madlung, 
A., Doerge, R.W., Colot, V., and Martienssen, R.A. (2003).  

Understanding mechanisms of novel gene expression in polyploids. Trends Genet. 19, 141-
147.  

Papp, B., Pal, C., and Hurst, L.D. (2003). Dosage sensitivity and the evolution of gene families 
in yeast. Nature 424,194-197.  

Randolph, L.F. (1942). The influence of heterozygosis on fertility and vigor in autotetraploid 
maize. Genetics 27,163.  

Rice, J.S., and Dudley, J.W. (1974). Gene effects responsible for inbreeding depression in 
autotetraploid maize. Crop Sci. 14, 390-393.  

Romagnoli, S., Maddaloni, M., Livini, C., and Motto, M. (1990). Relationship between gene 
expression and hybrid vigor in primary root tips of young maize (Zea mays L.) plantlets. 
Theor. Appl. Genet. 80, 769-775.  

Shull, G.H. (1908). The composition of a field of maize. Am. Breeders Assoc. Rep. 4, 296301.  
Song, R., and Messing, J. (2003). Gene expression of a gene family in maize based on 

noncollinear haplotypes. Proc. Natl. Acad. Sci. USA 100, 9055-9060.  
Tanksley, S.D. (1993). Mapping polygenes. Annu. Rev. Genet. 27, 205-233.  
Dhar MS, Pethe VV, Gupta VS, Ranjekar PK (1990) Predominance and tissue   specifcity of 

adenine methylation in rice.Theor Appl Genet 80:402-408  
Gonzalgo ML, Jones PA (1997a) Mutagenic and epigenetic effects of DNA methylation. 

Mutat Res 386:107±118  



Ph ton eBooks                                                                                                                                                    158 

 

Gonzalgo ML, Jones PA (1997b) Rapid quantitation of methylation differences at specific 
sites using methylation-sensitive single nucleotide primer extension (MsSNuPE). Nucleic 
Acids Res 25:2529±2531  

Gonzalgo ML, Liang GN, Spruck III CH, Zingg JM, Rideout. WM, Jones PA (1997) Identi®cation 
and characterization of differentially methylated regions of genomic DNA by 
methylation-sensitive arbitrarily primed PCR. Cancer Res 57:594-599  

Gonzalgo. M.L., Jones. P.A. (1998).  Mutagenic and epigenetic effects of DNA methylation 
mutant Res. 386: 107-118.  

Gruenbaum Y, Naveh-Many T, Cedar H, Razin A (1981) Sequence specificity of methylation 
in higher plant DNA. Nature 292:860-862  

Hatada I, Hayashizaki Y, Hirotsune S, Komatsubara H, MukaiTA (1992) A genomic scanning 
method for higher organisms using restriction sites as landmarks. Proc Natl Acad Sci USA 
88:9523-9527  

Liu KD, Wang J, Li HB, Xu CG, Liu AM, Li XH, Zhang Q (1997)A genome-wide analysis of wide 
compatibility in rice and the precise location of the S5 locus in the molecular map. Theor 
Appl Genet 95:809-814  

McClelland M, Nelson M, Raschke E (1994) E€ect of site-specifc modifcation on restriction 
endonucleases and DNA modifcation methyltransferases. Nucleic Acids Res 22:3640-
3659  

Messeguer R, Ganal MW, Ste€ens JC, Tanksley SD (1991) Characterization of the level, target 
sites and inheritance of cytosine methylation in tomato nuclear DNA. Plant Mol Biol 
16:753-770  

Meyer P, Niedenhof I, ten Lohuis M (1994) Evidence for cytosinemethylation of 
nonsymmetrical sequences in transgenic Petunia hybrida. EMBO J 13:2084-2088  

Murray MG, Thompson WF (1981) Rapid isolation of high molecular weight plant DNA.  
Nucleic Acids Res 8:4321±4325   
Reyna-LoÂ pez GE, Simpson J, Ruiz-Herrera J (1997) Differences in DNA methylation patterns 

are detectable during the dimorphic transition of fungi by amplification of restriction 
polymorphisms. Mol Gen Genet 253:703±710  

Ronemus MJ, Galbiati M, Ticknor C, Chen J, Dellaporta SL (1996) Demethylationinduced 
developmental pleiotropy in Arabidopsis. Science 273:654-657  

Yehndit Bergman ad Raul Mostoslavsky (1998).  DNA demethylation: Turning genes on Biol. 
Chem. Vol. 379. pp. 401-407.  

Xiong, L.Z., C.G. Xu, M.A. Saghai marrof and Qufa Zhang (1999).  Patterns of cytosine 
methylation in an elite rice hybrid and its parental lines, detected by a methylation 
sensitive amplification polymosphism Technique Vol. Gen. Genet (1999) 261:  

       439-446.  
 
 

 
 
 
 

 


