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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
intriguing hypotheses are converging towards the 
expression of a variety of genes, on one or several yield
efficiency, as the underlying mechanism for the manifestation of heterosis. Presented in t
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 n
have penned a detailed description of each approach and the step
heterotic potential in different crop plants lucidly .  Vol
PLANTS”   of this book aims  to give readers  glimpse of  basic & modern approaches of heterosis  while as  
Vol-II(  UTILIZATION OF HETEROSIS IN MAJOR  CEREAL CROPS  )is designed to explain the utilization 
and usefulness of various methods.  
the context of the genomic impacts of prior selection for agronomic traits. Multigene models seem likely to 
prove most informative for understanding heterosis.
breeding is the recognition of a high
and vegetable species is devoted to growing F
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.
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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 

of this book aims  to give readers  glimpse of  basic & modern approaches of heterosis  while as  
II(  UTILIZATION OF HETEROSIS IN MAJOR  CEREAL CROPS  )is designed to explain the utilization 

  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
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.

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.
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               The alarming rate at which the world population continues to grow demands that crop production 
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 veget
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The alarming rate at which the world population continues to grow demands that crop production 
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 

eliberations, there is no consensus on the relative/individual contribution of the genetic/epigenetic factors 
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 manuscrip
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 

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 

differential expression of a variety of genes, on one or several yield-affecting metabolic pathways or 
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 

, plant breeding will increasingly require pursuing a holistic interdisciplinary 
approach based on integrated system-oriented thinking. 
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                   CHAPTER-1 

EXPLOITATION OF HETEROSIS IN RICE 

Introduction  

The role of cytoplasm in causing male sterility in rice was first reported by Sampath and 

Mohanty.  Subsequently many rice workers around the world discovered cytoplasmic male 

sterility and attempted to develop CMS lines, but none of those could be deployed for 

developing hybrids.  The first CMS line used to develop hybrid was bred in China in 1973 

from a naturally occurring male sterile plant in wild rice (Oryza sativa  spontanea) in Hainan 

Island in 1970 which was designated as Wild rice with Aborted pollen (WA). The cytoplasmic 

genetic male sterility system is the most extensively used among crop species to develop 

commercial hybrids.   The existing rice hybrids used in commercial production in India are 

developed by using cytoplasmic genetic male sterility and fertility restoration system (CMS 

system). This system involves three lines viz., cytoplasmic genetic male sterile line (CMS or 

`A’ line), maintainer (`B’ line) and restorer (`R’ line) lines for developing rice hybrids.   

 Occurrence of genetically controlled male sterility due to spontaneous or induced mutation 

is quite common and it has been reported in as many as 620 species (Singh et al,).  Male 

sterility may be expressed in various forms such as I) the absence or malformation of male 

sex organs in a normal bisexual plants (ii) the inability to develop normal anther sac/tissues 

(iii) inability of pollen to mature or get released from anther sac or failure to reach and 

germinate on a receptive stigma and (iv) failure to develop normal microspores or pollen 

grains.  Any of the above mentioned causes may lead to male sterility but the female fertility 

is almost normal (Kaul,).  Male sterility, which was considered as a problem earlier has 

turned out to be a boon with the increase of knowledge about the development of hybrids 

and its immense utility in commercial hybrid seed production.  Male sterility was first 

utilized for developing sorghum hybrids by Stephens and its deployment brought a 

revolution in many other crops like onion, bajra, rice and other commercial and vegetable 

crops.  

Classification of male sterility 
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Events leading to male sterility are multifarious and so is the variation in its phenotypic 

expression.  There are basically, two types of classification of male sterility.  One is the 

phenotypic classification which includes structural, sporogenous and functional male 

sterility.  In general male sterility is classified in to the following types.  

1. Genetic male sterility  

2. Cytoplasmic-genetic male sterility  

3. Environment Sensitive Genic Male Sterility  

4. Non genetic or chemically induced male sterility.  

Genetic male sterility (GMS)  

 Genetic male sterility is also termed as nuclear male sterility as this kind of male sterility is 

controlled by nuclear gene(s) alone.  The expression of male sterility in this case is neither 

influenced by the cytoplasm nor by the environment.  Therefore, the expression pattern and 

inheritance of genetic male sterility does not show reciprocal differences.  Hence this 

sterility is stable, reliable and replicable.  Predominantly, this type of male sterility is 

governed by Mendian recessive gene(s) but some cases of dominant gene control are also 

reported.  

 In genetic or genic male sterility, pollen abortion is controlled by nuclear genes.  Lewis and 

Crowe reported that the male sterility is governed by monogenic recessive gene, although in 

a few cases, this trait is governed by two or more genes (Duvick).  Recessive male sterility 

genes have been reported in many crop plants  like tomato, barley, sorghum, rice, wheat, 

pigeon pea, brassica, sunflower etc.  On the other hand male sterility controlled by a single 

dominant gene has been reported in cotton, wheat and rice.   

 In recessive gene controlled GMS, the male sterility is expressed in homozygous state 

(msms).  Such GMS line can arise as spontaneous mutants followed by the selfing of the 

male fertile heterozygous (MsMs) individuals.  Genetic male sterility can also be induced 

artificially by using several physical mutagens such as X-rays, gamma rays, neutrons and 

chemical mutagens like Ethyl Methane Sulphonates, (EMS), Diethyl Sulphate (DES), Ethylene 

amine (EI) Colchicine, Ethylene Bromide (EB) and Nitrosoethyl Urea (NEU) (Kaul).  

 Genetic male sterile lines (msms) are maintained by crossing with a heterozygous (MsMs) 

maintainer, which in turn is obtained by crossing homozygous (MsMs) fertile plants with 

homozygous (msms) male sterile plants.  Subsequently, the seeds harvested from the male 

sterile plants are grown in isolation and these segregate in to male sterile: male fertile in 1 : 
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1 ratio.  The seed harvested from male sterile plants which are tagged at flowering is used 

for multiplication of female line and part of it may be used for production of hybrids.  

Hybrid seed is produced by growing the female line and a pollinator carrying homozygous 

dominant alleles (MsMs) at male sterility locus and diverse nuclear background which result 

in heterotic hybrids.  Since the female line is  multiplied by crossing it to a heterozygous 

maintainer, this line segregates in to male sterile and male fertile plants in 1 : 1 ratio in seed 

production plot.   It is utmost necessary that fertile plants are removed from the female just 

prior to anthesis.  Failure to do so will lead to impurity of hybrid seed.  Identification and 

removal of fertile plants at appropriate time is difficult, time and labour consuming and this 

is one of the major drawbacks of this system.  Therefore, although this system is simple and 

occurs widely in crops like tomato, cotton, barley, rice, onion, sunflower etc. its use has 

been limited, due to the reason mentioned above.   

 The process of removing fertile plants in the female lines in hybrid seed production could 

become simple if the ‘ms’ gene is tightly linked with a recessive seedling marker or a ‘Ms’ 

gene is linked with a dominant marker.  This helps to remove the fertile plants much before 

they are flowered.  In tomato and sunflower genetic male sterility is found to be linked with 

no-anthocyanin pigmentation at vegetative stage.  Since the male fertile plants at vegetative 

stage are pigmented, they can be easily rogued.  GMS system has been successfully used in 

cotton and Pigeonpea.  However, GMS system could not be used for developing commercial 

hybrids in rice.  

 GMS system has found its use in population improvement in rice.  Genetic male sterility 

facilitated recurrent selection has been used for the improvement of parental line.  GMS 

lines have been developed in the background of maintainer (IR 58025 B) and restorer (IR 

29723 R).  By using these GMS lines, both restorers and maintainers can be improved.   

 The system involves the following steps.  

1: Make crosses between the GMS line and selected restorers possessing desirable traits.  

Grow all the F1s separately and mix equal quantity of F2 seed from each cross. Grow F2 

population in isolation and allow for random mating and harvest out crossed seeds from 

male sterile plants.  

2: Grow random mating population for 5-6 cycles till the ms and Ms plants attain 

equilibrium (1: 1).  

3: Select the desirable fertile plants and handle the selected progenies by pedigree method.  
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 This method can be used for improving any trait.  Since diverse genotypes are allowed to 

random mate, variability is increased considerably.  

 Genetic male sterility controlled by recessive gene can be transferred from the male sterile 

source to another line with good combining ability through backcross breeding.  The fertile 

plants obtained in F1 generation (Ms ms) of a cross between a male sterile and male fertile 

plant will be used as a pollinator to cross with a recurrent parent as female so as to have the 

cytoplasm of a line with better combining ability.  Backcrossing is continued for 5-6 

generations and finally the male sterile plants are selected rejecting the fertile ones 

Cytoplasmic-genetic male sterility (CGMS or CMS system)  

The cytoplasmic-genetic male sterility system is the result of interaction between specific 

sterility inducing cytoplasm and the nuclear genes. Presence of homozygous recessive 

nuclear gene for fertility restoration, in association with the sterility inducing cytoplasm 

makes the plants male sterile.  In the absence of a sterility inducing genetic factors in the 

cytoplasm, plants become male fertile.  In such a cytoplasm, if fertility restoring nuclear 

genes are recessive, male sterility is maintained and such lines are called as maintainers.  If 

fertility restoring nuclear genes are present in a dominant conditions, a plant with or 

without the sterility inducing cytoplasm, will restore fertility in a hybrid, derived by crossing, 

it with a CMS line and such a plant is called as a restorer.  

The CMS system basically consists of three lines viz., a CMS line (A line), a maintainer line (B 

line) and a restorer (R) line.    

 A CMS line is always multiplied by crossing it with its maintainer line, either by hand 

crossing or by outcrossing in an isolated plot.  The A and B lines are similar in all respects 

except that ‘A’ line is male sterile and ‘B’ line is male fertile and hence these are called as 

isogenic lines.  Restorer or R line possesses dominant fertility restorer genes.  When crossed 

to a CMS line it restores fertility in the derived hybrid.  Since this system involves three lines 

(A, B and R line) it is called as three line system and the hybrids developed by utilizing this 

system are called as three line hybrids.  

 Development of new CMS lines or diversification of nuclear  background of CMS lines  

Dependence on only few CMS lines for development of hybrids may lead to genetic 

uniformity and their vulnerability to sudden outbreak of pests and diseases.  Moreover, 

consumer preference vary greatly from region to region and there is need to have inbuilt 

resistance to biotic and abiotic stresses.  Therefore, development of new CMS lines in 
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diversified nuclear background becomes inevitable.  The procedure of transferring 

cytoplasmic male sterility is simple.    

 The maintainers are converted in to CMS lines by repeated backcrossing.  The selected 

maintainer is crossed to a well adapted CMS line.  Besides perfect male sterility, the 

maintainers should possess good combining ability, desirable outcrossing traits, better grain 

quality and resistance to major pests and diseases. The F1 and subsequent generations (BC1, 

F1, BC2, F1…. ) are used as females and crossed to the maintainer as the recurrent parent 

(pollinator).  The purpose is to completely recover the nuclear background of the recurrent 

parent coupled with male sterility.    

Identification and development of new cytoplasmic sources inducing male sterility  

 CMS sources inducing male sterility can be identified either in inter-varietal crosses or inter 

specific crosses.  When two varieties are crossed and one of the reciprocal cross results in 

male sterility, such cytoplasm is said to have sterility inducing genetic factors.   CMS lines 

can be developed in the background of a new cytoplasmic source by repeated backcrossing.  

Chinsurah Boro II is the example of intra-varietal cytoplasmic male sterility.  

Occurrence of cytoplasmic male sterility is more common in inter sub-specific crosses.  For 

example, the most popular ‘WA’ source of cytoplasm is a result of  a natural cross between 

cultivated species with Oryza spontanea. It is dangerous to depend on an unitary source of 

cytoplasmic sterility.  Diversified CMS sources presently available are Dissi, Dian, Indonesia 

paddy, Chinsurah Boro II, Hong Lian, Gambiaca, ARC, O. perennis etc.  But ‘WA’ source is by 

far the most popular and widely used CMS source as it is quite stable and it is easily 

restored.  Some  of the CMS sources do not have restorers which limits their exploitation on 

a commercial scale.  

Genetics of fertility restoration  

The cytoplasmic – genetic male sterility can be effectively utilized only when the effective 

restorers are available. The ability of a restorer to restorer fertility of a F1 when crossed to a 

CMS line is very important as it determines extent of seed set in F1 and the magnitude of 

heterosis.  The frequency of restorers vary greatly among the genotypes.  It is observed that 

the frequency of restorers is relatively high (12-20%) in indica lines, while it is considerably 

low in japonicas and basmati lines (1-3%).  In Asia, effective restorers are found in south and 

south-east Asian countries and southern China, while non-restorers are found in northern 

China and far eastern Asia.  



 

Ph ton eBooks                                                                                                                                                  11 

 

 Both monogenic and digenic control of fertility restoration has been reported in many crops 

including rice.  Shinjyo et al, discovered two fertility restoring genes in the variety Fukuyama 

for the CMS-boro cytoplasmic line.  On the contrary Hu and Li reported that fertility 

restoration in Chinsurah Boro-II CMS source was controlled by a single dominant gene. It is 

desirable, if the restoration is governed by a single dominant gene as this kind of restoration 

would be stable and it can be easily transferred to other lines.  Inheritance of fertility 

restorer action for the most widely used ‘WA’ CMS sources has been studied by many 

workers.  All these studied indicated that fertility restoration was sporophytic type.  Wang  

reported that fertility restoration was controlled by a single dominant gene while majority 

of the reports confirmed that two dominant genes governed the fertility restoration.  One of 

the dominant genes had a stronger effect than the other.  Govinda Raj and Virmani (1988) 

reported that mode of inheritance varied with the cross combination.    

Environment Sensitive Genic Male Sterility (EGMS) System 

Besides the GMS and CMS systems another new kind of male sterility i.e. Environmental 

Genetic Male Sterility (EGMS) has been deployed for developing commercial hybrids.  In this 

system, male sterility condition is due to the interaction of nuclear genes with 

environmental factors such as photoperiod and temperature.  A particular range, duration 

or concentration of environmental factor, at sensitive stage of the plant induces male 

sterility, whereas some other range, duration or concentration induces fertility in the same 

plant.   

Basically three kinds of EGMS lines have been reported in rice and they are   

1. Photoperiod sensitive genic male sterility (PGMS)  

2. Thermo-sensitive genic male sterility (TGMS)  

3. Photo-thermosensitive genic male sterility (PTGMS)  

 The EGMS lines are multiplied by sowing these lines in such a way that the sensitive period 

coincides with photoperiod/temperature that is conducive for inducing fertility.   The extent 

of reversion to fertility may vary from 30-80%.  Hybrid seed production is taken up by 

sowing these lines in such a way that the sensitive stage coincides with the photoperiod or 

temperature conducive for inducing complete male sterility.  Detailed studies have shown 

that the period 5 days after panicle initiation to 10 days before flowering is most sensitive to 

environmental factors.  
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 The details on TGMS development, characterization and their utilization in heterosis 

breeding are covered in another lecture.  

 Photoperiod sensitive genic male sterility (PGMS) 

It refers to the system in which alteration from sterility to fertility is controlled based on the 

duration of day length or photoperiod.  For example PGMS lines remain male sterile when 

photoperiod is beyond 13.75 hours while the same genotype turns fertile when the day 

length is < 13.75 hours.  Nongken 58 S is the best example for this type of EGMS.  PGMS 

lines are useful in temperature regions where photoperiod vary to a great extent.  PGMS 

lines have been used in China for developing two-line hybrids.  

Thermo sensitive genic male sterility system (TGMS) system 

In this system, the alteration of sterility/fertility is governed by the temperature.  In general, 

most of the TGMS lines remain sterile at high temperatures (> 30/240 C) while they turn 

fertile at low temperature ranges  (24/30 to 28 /220 C).  This system is suitable for the 

tropics where the temperature differences are found during different seasons or at different 

altitudes.  Annong S and Pei-Ai 64 are the examples of TGMS lines.    

 Photo-thermo sensitive genetic male sterility (PTGMS)  

 Earlier it was believed that in PGMS lines, the expression of fertility-sterility was 

determined by change of day length alone, regardless of temperature variations.  However, 

He et al, reported that in some PGMS lines, the fertility-sterility behaviour is also influenced 

by temperature.  Such PGMS lines have been referred to as PTGMS lines. Adaptability of a 

PGMS line is determined by critical day length of fertility induction and intensity of 

interaction between photoperiod and temperature (Lu et al).  A widely adapted PGMS line 

has a very strong interaction between photoperiod and temperature : a higher temperature 

may complement the short photoperiod in low latitudes and a higher photoperiod could 

complement the low temperature in higher latitudes.  An ideal PGMS line for hybrid rice 

seed production is one having a low critical temperature point for fertility induction, a high 

critical temperature point for sterility induction, a wide temperature range for photoperiod 

sensitivity, and a strong supplementary effect between photoperiod and temperature 

(Ahmed and Siddiq).  

 Since the PGMS, TGMS and PTGMS are controlled by recessive gene(s), when these 

lines are crossed with a fertile line, the hybrids are fully fertile, irrespective of the day length 

and temperature conditions prevailing during the growth season.  In addition, EGMS lines 
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do not suffer the disadvantages of chemical hybridizing agent induced male sterility, which 

will be discussed subsequently.   

Although attractive and potential as a tool for exploiting heterosis, the EGMS system has 

some problems.  During the hybrid seed production, if there is sudden change in the 

environmental condition, there will be reversion to fertility which may lead to impurity of 

hybrid seed.  Perhaps, this is one of the main drawbacks of EGMS system.  

Chemically inducted male sterility  

This non-genetic method of inducing male sterility involves the use of chemicals called 

Chemical Hybridizing Agents (CHA) or gametocides.  This method is very useful for plants 

with bisexual flowers in which it is difficult to obtain genetic or cytoplasmic-genetic male 

sterility.  

 In rice, chemically induced male sterility is used sporadically because effective and safe 

chemicals inducing male sterility are not available.  Besides, effective CMS and EGMS 

systems are available.   

Conclusions  

 Male sterility is one of the important genetic tools for controlling pollination mechanism in 

higher plants.  Genetic male sterility, though simple to use has practical problems in hybrid 

seed production, as half of the male plants have to be rouged in female rows.  Hence, it is 

seldom used in the production of rice hybrids.  However, it has immense potential in the 

development and improvement of parental lines through genetic male sterility facilitated 

recurrent selection.  The CMS system is most stable and widely used male sterility in the 

production of commercial rice hybrids.  The seed production in this system is little 

cumbersome.  Recently discovered EGMS system has good potential for exploiting heterosis 

in providing the EGMS lines have wider sterility inducing phase and remain unaffected due 

to minor fluctuations in environmental conditions.  Since rice is a heavy tillering crop use of 

chemical gametocytes appear to be not practical.  
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CHAPTER-2 

PRINCIPLES AND PRACTICES OF TWO LINE BREEDING IN RICE  

 

Introduction   

The excessive dependence of a single source of cytoplasmic male sterility (CMS) via WA and 

the cumbersome process of seed production and parental line development warrant the 

development of alternate approaches to exploit hybrid vigour in rice. Two line breeding is 

one such possibility that emerged following the chance discovery of a photoperiod sensitive 

genic male sterile plant called Nongken 58S, in the japonica variety Nongken 58 by Prof. Shi 

Ming Song of China which was found to be sterile under longer photoperiods (> 14 hr) and 

fertile under shorter photo periods (13 hr) subsequently. Temperature sensitive genic male 

sterility (TGMS) line was identified by Chinese and Japanese scientists which was completely 

sterile under high temperature (> 320C) and under low temperature (240 C) it was fertile  

(Tan et al., and Maruyama et al,). Using the PGMS system Yuan (1987) put forth a new 

strategy of hybrid rice breeding which did not involve a maintainer, as the maintenance is 

taken care off by the shorter photoperiod (13 hr).  

Environmental sensitive Genic Male Sterility (EGMS)  

Comprises mainly of three types namely:  

1. Photoperiod sensitive genic male sterility (PGMS)  

 PGMS line is sterile when the photoperiod (day length) exceeds 14 hrs. and the same line 

becomes fertile if placed under < 13 hrs. of photoperiod ii. Temperature sensitive genic 

male sterility (TGMS)  

2. TGMS line is sterile when temperature exceeds 32o C / 240 C (day / night) and the same 

line becomes fertile when the temperature below 240 C / 180 C (day / night).  

3. Photothermo sensitive genic male sterility (PTGMS)  

 PTGMS line is governed by the interaction of photoperiod and temperature. Most of the 

PGMS lines earlier discovered such as the classical Nongken 58S were later reported to fall 

in this category. (Zhang et al,).  

 The PGMS, TGMS and PTGMS lines are governed by 2-3 recessive genes, hence they can be 

easily transferred through backcrossing to known elite, good combining varieties. TGMS 
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system can be utilized for tropical countries like India where low and high temperature 

prevails in high altitudes and in plains respectively, whereas PGMS system for the temperate 

countries like China and Japan where the daylength variation is significant. PTGMS can be 

utilized in both the tropical and temperate conditions. The sensitive stage to temperate, 

photoperiod or both is generally stage IV (stamen and pistil primordial), to stage VI (Meiosis) 

of the developmental stages of the rice plant.  

Advantages of EGMS system  

1. It simplifies the hybrid seed production process and decrease the cost of hybrid rice 

seed with improvement in seed purity.  

2. Any non – EGMS genotype can be utilized as male parent. Therefore, the chance of 

development of heterotic hybrids is greatly increased.  

3. Negative effects associated with sterility inducing cytoplasm are avoided.  

4. Since the male sterility is controlled by few recessive genes, it can be easily transferred 

to high yielding good combiner genotype.  

5. If tg or pg genes are combined with wide compatibility gene (WCG) the intersubspecific 

hybrids could be obtained with further increase in heterosis.  

6. Seed production programme is simple and more efficient.  

Breeding procedures for developing EGMS lines  

EGMS lines can be developed by any of the following methods  

Screening of existing varieties  

Induced mutagenesis  

Hybridization followed by pedigree selection, anther culture, backcrossing and marker-aided 

selection (MAS)  

Screening of existing varieties for EGMS  

 Existing varieties can be screened to detect spontaneous EGMS mutants. A large number of 

rice germplasm materials should be screened over seasons involving various high- 

temperature or daylength regimes to identify any spontaneous mutants or lines showing 

differential pollen and spikelet sterility during different temperature or daylength regimes 

occurring during the panicle initiation stage onward. Rice germplasm consisting of 

photoperiod-sensitive varieties or varieties adapted to high altitudes provides a higher 

probability of success when using this method.  During this screening  
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1. Select plants in which earlier panicles are partly fertile and later ones are almost sterile 

or vice versa according to the environmental conditions. These plants are easily 

identified by the combination of partly filled bending panicles and sterile erect panicles 

in the same plant.  

2. Study pollen sterility of younger panicles and determine whether sterility is higher than 

99%.  

3. Multiply the suspected plants by separating the tillers and ratooning them.  

4. Evaluate plants for their fertility behaviour under different temperature (TGMS) and 

photoperiod (PGMS) using the growth chamber or phytotron or under field conditions.  

Induced mutagenesis  

 EGMS lines, particularly TGMS lines, can also be developed by the mutations breeding 

method described below.  

1. Select the best available high yielding rice cultivars that are photoperiod sensitive, cold-

tolerant, and adapted to high altitudes for inducing EGMS mutants. These lines stand a 

better chance for inducing such mutations.  

2. Select any of the physical (gamma rays, fast meutrons) or chemical (sodium azide, ethyl 

methane sulfonate, EMS, methyl methane sulfonate, MMS, N-methyl-Nnitrosourea, 

MNU, etc.) mutagens.  

3. Treat the seed material with an appropriate dose of mutagen and grow it as the M1 

generation, for example, gamma rays – 25 Kr; sodium azide – 0.002 M, pH 3 for 6 h; EMS 

– 0.1%. pH 7.0 for 6 h; MNU – 1.5 mM for 1 h.  

4. Select 1 or 2 panicles from single plants in the M1 generation.  

5. Grow the M2 progenies under appropriate temperature (such as > 30 / 240 C) and 

daylength (such as >13.45 h) conditions and select plants showing complete sterility or 

differential fertility of panicles within the same plant. Multiply selected plants by 

separating their stubbles and evaluate them under appropriate fertility induction in the 

growth chamber or under natural field conditions. Those that revert to fertility are 

suspected EGMS plants. These may be TGMS, reverse TGMS, PTGMS, PGMS, or reverse 

PGMS depending on their behaviour.  

Hybridization method  

 This is an important and simple method to develop new EGMS lines in diverse genetic 

backgrounds by using already identified and characterized EGMS lines. Under this method, 
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the known EGMS source is crossed as a female parent to any of the popular highyielding rice 

varieties (HYV) possessing good combining ability, disease and pest resistance, and 

acceptable grain quality. This method is generally used in a situation in which the available 

EGMS line is unadapted or unacceptable for one reason or another. The crosses made above 

can be handled in any of the following procedures:  

Pedigree selection  

a. Pedigree selection procedure using method I  

1. Grow F1 plants from the crosses made to obtain F2 seeds.  

2. Grow F2 populations of the crosses made under appropriate temperature (for TGMS) or 

daylength (for PGMS) conditions to identify sterile single plants that combine most of 

the useful traits of both parents. Grow the popular HYV and the donor EGMS line beside 

the F2 population to select comparable plants. Raise stubbles of the selected sterile 

single plants under fertility induction conditions to produce F3 seeds. Seed setting on the 

ratooned plants identified earlier as male sterile will confirm the EGMS trait.  

3. Grow F3 progenies of the selected EGMS plants under appropriate fertility induction 

temperature or daylength conditions to select desirable plants and harvest F4 seeds. 

Concurrently evaluate the F3 progenies in sterility-inducing temperature or daylength 

conditions to select completely sterile F3 progenies to advance the generation.  

4. Handle F4 and F5 progenies in the same manner as F3 progenies   

5. To confirm stability for sterility of an EGMS line in any given generation, trials can be 

conducted under varying temperature and daylength regimes in various places.  

6. Characterize identified TGMS or PGMS lines for specific defined environmental 

conditions at the sensitive stage both in the growth chamber and under field conditions.  

7. Test the specific TGMS and PGMS lines across various locations and seasons to identify 

suitable locations for hybrid seed production and EGMS self seed multiplication.  

b) Pedigree selection procedure using method II  

This method is deployed when we do not have a low temperature / shorter photoperiod 

conducive to fertility near where the research is conducted or the specific 

environmental condition is not available during the same season of selection.  

1. Grow the F2 population under a sterility-inducing temperature regime. Raise the 

standard controls as mentioned earlier besides the EGMS and the other elite parent 
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used for hybridization to develop superior EGMS lines. Select desired fertile plants in the 

segregating population.  

2. Grow the F3 to F5 generations under sterility-inducing temperature and select 8-10 

desirable fertile plants from the progeny rows segregating for sterility. The reasons for 

selecting so many fertile plants in the segregating population are to ensure the 

probability of selecting at least one heterozygous fertile plant that would segregate for 

sterility in the next generation.  

3. Grow F5 and F6 populations under sterility – inducing temperature or longer 

photoperiod. Select the most desirable male sterile plants and ratoon them.  

4. Transfer the ratooned male sterile plants to a phytotron or glasshouse with a day / night 

temperature of 25 / 19o C or shorter photoperiod conditions and collects their seeds. 

These are suspected TGMS / PGMS plants.  

5. Grow progenies of the suspected TGMS / PGMS plants under sterility-inducing 

temperature / photoperiod conditions in the field and select those plants as TGMS/ 

PGMS that give completely male sterile progenies.  

Backcrossing after hybridization  

Backcrossing is the most suitable method when we need to transfer oligogenes in a 

recessive condition to an already established variety as the recurrent parent.  

 The procedure involves the following steps: Select a stable and suitable TGMS / PGMS 

donor with well-defined critical sterility / fertility points and cross it with an established 

variety to which the TGMS / PGMS trait has to be transferred.  

1. Grow the F1 generation.  

2. Grow the F2 generation to select suspected EGMS plants; ratoon these plants to confirm 

their TGMS / PGMS nature.  

3. Backcross the EGMS plants with the recurrent parent.  

4. Repeat steps 2 and 3.  

5. After every two backcrosses, one generation of selfing is required to verify that the 

recessive EGMS trait is being carried forward. After six generations of backcross, the self 

the BC6F1 to select sterile plants under high temperature (>300 C day / 240 C night) / long 

photoperiod (14 h daylength). Ratoon plants may be sent to the growth chamber or 

suitable natural conditions conducive to fertility reversion.  
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6. The TGMS development procedure is applicable to PGMS since the screening procedure 

varies only under the BCnF2 (n=1,3,5) generation. To develop PGMS through the 

backcross procedure, long-day conditions (>14 h) will be required for screening in the 

BC1F2, BC3F2 and BC5F2 generations to identify the recessive sterile genotypes.  

Anther culture or pollen culture following hybridization  

Anther culture or pollen culture accelerates the breeding process and increases selection 

efficiency in the breeding of EGMS lines over conventional techniques. To use this method, 

rice breeders should work closely with a tissue culture expert.  

1. Make specific crosses to combine stable TGMS or PGMS lines with promising local 

cultivars. Grow F1 plants of these crosses.  

2. Produce dihaploid lines through anther culture using anthers or pollen grains from the 

F1 plants adopting standard  available protocols for rice.  

3. Seeds obtained from the dihaploid plants should be sown and raised under sterility 

conducive conditions for the selection of male sterile lines. Monitor the pollen sterility 

of anther / pollen culture derived plants.  

4. Ratoon sterile dihaploid plants and place them under low temperature and shorter 

photoperiod to induce fertility and get selfed seeds.  

5. Screen for TGMS and PGMS lines based on the criteria for ideal EGMS lines.  

6. TGMS lines such as 6442S, 1286S, HS-1 and HS-5 and one PTGMS line, Lu Guang 2S, have 

been developed through anther culture and extensively tested in Jiangxi, Sichuan and 

Fujian provinces of China.  

EGMS gene transfer and pyramiding through marker-aided selection (MAS) after 

hybridization  

Several closely linked markers have been identified with TGMS and PGMS genes to use the 

MAS approach. These markers can be used for selection of the TGMS / PGMS trait in 

segregating F2 and backcross breeding populations without actually screening them under 

specific field or phytotron conditions. The MAS approach can enhance the speed and 

efficiency for selecting EGMS plants without exposing them to conditions for expression of 

the EGMS gene.  

Characterization of EGMS lines under field conditions  

Detailed meteorological  data (such as minimum and maximum temperature, daylength, 

sunshine hours, humidity, etc.) are essential to characterize EGMS lines at a given location. 
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It is better if data of the past 10-15 years are available. To characterize given EGMS lines, 

the following procedure can be used.  

1. Identify 3-4 distinct periods of high and low temperatures during the year. Likewise, 

determine the longer and shorter daylength durations during the year and over 

locations.  

2. Seed / plant EGMS lines at 15-25 day intervals in such a way that their heading coincides 

with the high temperature or longer photoperiod.  

3. Study pollen fertility of the EGMS lines from the top five spikelets of primary panicles 

under the microscope.  

4. Relate the pollen sterility data to temperatures / daylengths prevailing during the period 

of 15-25 days before heading (“tracking technique”). The temperature or daylength that 

is just sufficient to make the plant completely pollen sterile must be noted among the 

several temperature or daylength regimes to which plants were exposed during the 

period. Such a temperature point or daylength at which complete pollen sterility is 

obtained is termed the critical sterility point and the number of days before heading 

during which this behavior is expressed is designated as the sensitive stage.  

5. Likewise, determine the critical fertility point (i.e., the lowest temperature at which 

maximum pollen fertility is achieved) by using the tracking technique. Verify the CSP and 

CFP information for each of the EGMS lines under growth chamber or phytotron 

conditions after the field characterization studies have been done.  

Multiplication of EGMS lines  

EGMS lines, if multiplied continuously for several generations without any selection, may 

segregate for CSP, thereby causing major problems in maintaining purity of the hybrid 

seeds. Therefore, nucleus and breeder seed production must be taken up on a continual 

basis.  

Method I  

� Nucleus seed production of an EGMS (TGMS or PGMS) line begins in the fertility 

inducing environment. Seeding of TGMS or PGMS lines is arranged in such a way 

that the  sensitive stage occurs when the temperature or photoperiod is 

favourable for a higher seed set.  
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� At the time of flowering, about 100 typical plants are selected from the 

population of an EGMS (TGMS or PGMS) line and their panicles are bagged. The 

selection process should be completed within 1 week.  

� After the harvest, the selected plants are scored for spikelet fertility (based on 

the main panicle) and 50 plants with higher spikelet fertility (above 30%) are 

selected.  

� Progenies of the selected plants are grown in the sterility-inducing environment. 

About 30 seeds are taken from each of the selected plants to grow single-row 

progenies and the remaining seeds are stored carefully. The balance of the seeds 

of the progenies that are uniform and completely male sterile must be marked 

and bulked to form the nucleus seed.  

� Nucleus seed of the EGMS line is used for producing breeder seed under strict 

isolation. Breeder seed for the EGMS line is produced in the fertility-inducing 

environment.  

� The breeder seed produced under the direct supervision of the plant breeder has 

high genetic purity and is used for producing foundation seed of parental lines, 

which in turn will be used for producing hybrid seed.  

Method II  

� Select a completely male sterile plant with typical characteristics of the original 

EGMS line under a sterility-inducing environment.  

� Ratoon the selected plant and clone it for as many plants as you need. Multiply 

the ratooned stubbles under a fertility-inducing environment. The nucleus seed 

will be harvested from the ratooned stubbles.  

� The nucleus seed is used for producing breeder seed and the latter for producing 

foundation seed.  

� Preserve the selected stubbles under favourable temperature conditions with 

good management as long as you need them. The new nucleus seed will be 

produced continuously.  

Seed Plot Selection: A sufficient water supply with suitable temperature is essential to the 

establishment of a seed plot for TGMS self seed multiplication. The water temperature 

should be higher than 17-18o C but lower than the CFP of the TGMS line to be multiplied.  
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Season selection: The joint effect of lower temperature and chilled-water irrigation is good 

for increasing EGMS self seed yield.  

Irrigation time: Chilled-water irrigation starts from the young panicle differentiation of the 

stamen and pistil primordial (stage IV) and goes to the meiotic division of the pollen mother 

cell (stage VI).  

Two line hybrid rice seed production  

Potential TGMS lines can be taken up for two line hybrid seed production. TGMS line is 

multiplied in locations where stable low temperature prevails during its sensitive stage for 

nearly 30 days. The TGMS seed produced is then brought to locations where stable high 

temperature prevails during its sensitive stage for nearly 30 days. TGMS plants are planted 

in 6 rows and sandwiched with two rows of non TGMS good combiner lines on either sides. 

TGMS line must be randomly checked for complete pollen sterility during its sterile phase at 

high temperature. Supplementary pollination techniques as applied to three line system 

must be adopted such as GA3 spray, rope pulling, flag leaf clipping etc. to increase hybrid 

seed production. At the time of harvest care must be taken to harvest separately the non 

TGMS lines first. Seeds harvested from the TGMS line must be cleaned, packed, labeled, and 

sold to farmers as TWO LINE HYBRID RICE SEED.  
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CHAPTER-3 

PRINCIPLES AND PRACTICE OF THREE LINE APPROACHES IN HYBRID  

RICE BREEDING  

Introduction  

 The main difference between high yielding varieties (inbreds) and hybrids is that, the 

former perform well under homozygous condition and the later perform well under 

heterozygous condition. The three line model by use of cytoplasmic genic male sterile 

system (CGMS), maintainer (B Line) and restorer line (R line) to develop F1 hybrids in rice 

was described by Lin and Yuan (1980) and Virmani et al., (1981). There must be very close 

linkage between inbred breeding and hybrid breeding because the inbreds are the parental 

materials used to synthesis F1 hybrids. So the organisation of hybrid rice programme may 

not be an independent one but it is interdependent with inbred breeding programme. It is 

only a supplement to conventional breeding.  

Genetics of three lines in hybrid technology  

 The knowledge on genetics of parental lines viz., A, B and R lines is most important in hybrid 

seed production technology.  

Genetics of male sterile line (A)  

 It has sterile inducing cytoplasm (S) and recessive nuclear genes.   

Genetics of maintainer line (B)   

 It has normal fertile cytoplasm (F) and the recessive nuclear genes. Hence the line is male 

fertile. The ‘B’ line differs from ‘A’ line only in cytoplasmic content. Other wise, the ‘A’ and 

‘B’ lines are said to be isogenic lines.   

Genetics of restorer line(R)  

 It has either sterile (or) normal fertile cytoplasm. However, the nucleus contains the 

dominant genes, hence the line is definitely male fertile. With these lines, two types of seed 

production is taken up. One is the seed production of ‘A’ line and the other one is the 

commercial hybrid seed production.   

Seed production of ‘A’ line  

 To multiply the A line and to perpetuate the male sterility, the ‘A’ line should be crossed 

with ‘B’ line. The resultant F1 will be male sterile ‘A’ line.    
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Seed production of commercial hybrid seed  

 For this, the ‘A’ line is crossed with ‘R’ line. Since the ‘R’ line has dominant fertility restorer 

nuclear genes, the resultant commercial hybrid will be fully fertile.    

Phases of three line breeding programme  

There are two important phases  

1) Development of parental lines  

2) Evaluation of hybrids  

3) Development of parental lines  

To identify the potential parental lines, the following breeding nurseries are raised in hybrid 

rice breeding centres (Yuan and Virmani).   

Source nursery  

CMS maintenance and evaluation nursery  

Test cross nursery  

Back cross nursery  

Parental line improvement  

Source nursery  

 This nursery includes the CMS lines and very promising agronomically desirable parental 

lines obtained from international, national and local sources. All the lines are grown in single 

row with 20 x 20 cm spacings with single plant/hill. CMS lines are planted on 3 dates at 10 

days intervals to synchronise the flowering and to takeup crossing work.  

 The observations on days to flowering and other agronomical traits are recorded for all the 

lines. The elite lines are test crossed to CMS lines. For individual test cross 50 seeds are 

produced. The lines in the nursery are changed in every year.  

CMS maintenance and evaluation nursery  

 It comprises of stable CMS lines obtained from backcross nursery (or) as introduction from 

National (or) International programme. Hand crossed seed made on single plant basis is 

used. Five pairs of commercially usable CMS lines and one to two pairs of commercially 

usable CMS lines and one to two pairs of new CMS lines are planted. The concerned B line 

are planted adjoiningly. Each line is evaluated for pollen sterility, phenotype acceptability, 

outcrossing potential ( 1-9 scores) and for residual pollen content. For commercially usable 

CMS lines, about 1000 seeds by using 50 plants are produced. For other CMS lines, 200 hand 

crossed seeds by using 10-20 plants are obtained.  
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Test cross nursery  

 This includes the test cross F1 s and their corresponding male parents planted side by side. 

The best available standard checks in different duration groups are planted at every 10/20 

lines interval in order to select the heterotic combinations showing the normal spikelet 

fertility. Each F1 is planted in single row having 12 plants each.  

 The data on days to flowering, plant height, days to maturity, heterosis (visual) and seed 

yield (kg/m2) are recorded. The F1 showing complete sterility (100%) and white translucent 

anthers noted and its corresponding male parents are earmarked as maintainers and 

utilised for backcrossing with test cross F1s. Similarly, the test cross F1s having yellow 

anthers and high spikelet fertility (98-100%), its corresponding male parents are earmarked 

as restorers. These restorers are used for making crosses for evaluation in OYT.  

Re test cross nursery  

 The restoring ability of male parents will be confirmed and the extent of yield heterosis also 

will be reassessed. About 4 to 5 rows constituting 100 F1 plants will be raised. 

Corresponding male parents and the local check will also be included for comparison.  

Back cross nursery  

 The objective of raising back cross nursery is to develop new CMS and maintainer lines. The 

nursery includes materials from BC1F1 to BC6F1. To facilitate easy maintenance, the entire 

materials are divided into 3 sets. The first consists of BC3-BC5, second set of BC 2 progenies 

and the third set of BC1F1 progenies. They are planted at 3 week intervals.  

BC3-BC5.    

 In each pair of combination 50-70 plants in A Line (4-6 rows) and the concerned recurrent 

line is planted adjoining to back cross progenies. Pollen sterility are examined under 

microscope. Data are collected on flowering, plant height, anther colour, pollen fertility and 

out crossing rate (1-9 score). The best pair is selected on the basis of plant type, pollen 

sterility, stability and back crossed to recurrent parent on single plant basis.  

BC2 and BC1F1 

Each combination of back cross progenies are maintained atleast for 3 rows (30-40 plants). 

The complete sterile lines are to be chosen and back crossed to recurrent parent on single 

plant basis. In these back crosses, atleast 200 hand crossed seeds are to be secured.  

Parental line improvement  
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 The development of parental lines is the integral part of the Hybrid rice breeding 

programme. All the lines identified initially may not have all desirable traits. They may be 

deficient for one or two traits. Hence, the main aim of parental line improvement is to select 

new lines which possess as many desirable characters as possible. This is obtained by 

making selection in the segregrating generation of the crosses involving one (or) more 

desirable parents with complementary traits. In a long run, they may be limitation of source 

materials and the improvement of parental lines depends upon the availability of diverse 

restorers and maintainers. The parental line improvement involves two steps viz., 

Maintainer line improvement and Restorer line improvement.  

Maintainer line improvement  

 After the identification of the maintainer line, the next step is to examine them for the 

presence of various desirable traits. Some of the maintainer may have good combining 

ability, and quality but deficient for other economic traits viz., resistance to biotic stress. 

Some other lines may possess desirable traits. Viz., resistance to biotic stress but poor grain 

quality.The desirable traits available in these two lines can be combined together and 

pyramided into a new line by hybridization (single/ double/ three way/ multiple crosses) 

followed by pedigree selection.  

Top cross evaluation  

 In later generations of conversion programme, top cross evaluation using many promising 

restorers is a must to assess the combining ability of the newly developed CMS line. The F1s 

are evaluated along with their male parents in a replicated trial. The general and specific 

combining ability effects are then estimated using the procedure of Kempthorne.  

Desirable traits of CMS lines  

Complete pollen sterility to avoid self fertilization in seed production plot  

Stable pollen sterility over environment  

Good adaptability to cultural conditions in which the hybrids are to be developed  

Good agronomical potentials   

Fair to good general combining ability   

Good agronomic and floral traits and to enhance cross pollination in seed production plot  

Restorer line improvement  

The restorer lines in three line hybrid rice breeding have two important role to play viz., 

increasing the heterosis and increasing the hybrid seed yield in seed production plot.  
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The desirable features of restorer line are  

Highly vigorous plant growth habit, with more number of productive tillers, with erect and 

shorter flag leaf  

Large number of spikelets with big and plumpy anthers filled with large number of pollen 

grains  

High amount of residual pollen   

Complete dehiscence of anthers  

Synchronous heading of all tillers and concentrated blooming of spikelets  

Multiple disease and insect resistance  

Good general and specific combining ability  

It has been found that the fertility restoration is correlated to the origin of the male line. 

Among the indica rice lines, the frequency of ‘R’ genes is high in late maturing than the early 

maturing varieties. The restorer frequency is low in typical japonica rice varieties  

 The screening of lines through test crosses may result in identification of many restorer 

lines. But all the restorer lines may not be agronomically superior. They may lack certain 

characters viz., combining ability, grain quality, biotic stress, outcrossing floral traits etc., 

Hence these restorer lines have to be improved and new restorer lines have to be 

developed. The most common breeding method followed in China and IRRI is the 

recombination breeding, by which the desirable traits from two to more lines can be 

brought to one line and improvement of ‘R’ line is possible.  

Various recombination breeding methods R x R crosses  

 Promising restorers having complementary traits can be used. High frequency of restorer 

with many desirable traits can be selected in the segregrating generation. This is the most 

common to produce new restorers.  

A x R crosses  

 Desirable segregants showing   high fertility can be selected. Since the segregants have the 

sterility inducing cytoplasm from ‘A’ line, the restorer derived through this method is called 

isocytoplasmic restorers. Though the development is very simple, one must be very careful 

about the side effects of the sterile cytoplasm on restoration properties.   

Partial restorer x partial maintainer  
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 Having exceptionally good traits can also be crossed and the good segregants having ‘R’  

genes with other desirable traits can be selected and established. Anyhow, the frequency of 

obtaining such desirable segregants with ‘R’ gene is very low. Hence, large number of 

population has to be raised (or) one has to resort  to back crossing programme to increase 

the frequency of ‘R’ genes. In all these cases, top crossing has to be done by using CMS lines 

in advanced generations to assess their combining ability. Many new ‘R’ lines have been 

developed through this method in China (Ilyas Ahamed).  

Evaluation of hybrids  

The heterotic hybrids with high fertility restoration will be identified through visual and 

microscopic examination of pollen. It is subsequently confirmed through evaluation. 

Normally those hybrids which appear promising are reevaluated in re test cross nursery with 

higher population ( 100 plants) 5-6 rows to get better idea on the magnitude of heterosis. 

Usually the local standard checks and the concerned male parents are raised along with 

hybrid population for comparison.  

Observational Yield Trial (OYT) and quality testing  

 Hybrid seed production using isolation free IRRI procedure  

For the seed production of large number of combinations of the hybrids which are to be 

involved in OYT and PYT, the hand crossing is very laborious and time consuming process. To 

overcome this problem, IRRI developed this simple procedure. The multiple rows (5-15) of 

identified restorer lines are planted in the field. There are 25 plants in the row. The 

desirable CMS lines involved in crosses are planted on four different dates at 10 days 

interval in near by plot. At the time of flowering of restorer line, plants from CMS line (5-15) 

with synchronous flowering are transferred in between two lines of restorers. Female plants 

of individual CMS lines  are marked for identification. GA3 application and supplementary 

pollination is done for 5 to 7 days. By this procedure approximately 5g of crossed seed/ 

plant is obtained with less than 5% plants contaminated with foreign pollen.  

Evaluation of hybrid  

 The procedure for evaluation of hybrid is through observational yield trial (OYT), 

preliminary yield trial (PYT), advanced yield trial (AYT), multi location trial (MLT), national 

hybrid trial (NHT) on farm trial (OFT) and adaptive research trial (ART) which are furnished in 

Table 1.  
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Table 1.  Procedure of Evaluation of hybrids  

SI.  

No 

Particulars OYT PYT AYT/ MLT/  

NHT 

OFT/ART Releas 

e 

1.  Years of 

conducting 

yield trial 

First Year/ Second 

year/ 

Third, 4th 5th 

years 

6th year 7th year 

2.  Design  Augumented 

design  

RBD  RBD  Non  

Randomised  

 

3.  Replication  Non-

replicated(-)  

Replicated  

(40)  

Replicated  

(3)  

Non- 

replicated (-)  

 

4.  Plot area  

Gross (m2) 

Net (m2) 

Plot size  

Gross (m2) 

Net (m2) 

6.96  

4.0  

 

5.8 x 1.2  

5.0  x 0.8  

9.28  

6.0  

 

5.8 x 1.6  

5.0  x 1.2  

11.6  

8.0  

 

5.8 x 2.0  

5.0  x 1.6  

1000  

1000  

 

25 x 40  

25 x 40  

 

5.  Spacing  20  x 20 cm2 20  x 20 cm2 20  x 20 cm2 20  x 20 cm2  

6.  No. of plants / 

row  

30  30  30  30   

7.  No. of plants/  

hill  

One  One  One  One   

8.  Data to be 

recorded for 

hybrids and  

standard check  

Vigour, days to 

flowering, days 

to maturity, 

Plant height 

(cm), No of 

tillers/ plant, 

lodging score 

and grain 

yield/ ha**  

  

 

 

** Note:  The data on quantity traits viz., Hulling %, Milling %, Head rice recovery (%), grain 

length (mm), breadth (mm), thickness (mm) LXB ratio, 1000 grain wt.(g) chalkiness, kernel 

colour, kernel elongation ratio on cooking, geletinization temperature, gel consistency and 

amylose content are recorded in the initial stage itself.  

 

F1 - Standard Check     
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Standard Heterosis(%)   = ----------------------------  x 100  

  Standard Check  

Those found promising are advanced to observational yield trial (OYT)    

Release proposals of hybrids  

 Hybrids which perform well in National/ state  / Local areas for 3 years period in 

region/zone/ state are identified for minikit/on farm trials in the state. The OFT/ART is 

conducted with one (or) two promising hybrids with a plot size of 0.1 ha (25 cents). The 

promising hybrids in OFT/ART which show consistently superior performance with all 

desirable traits will be submitted to the State/ Central Variety Release Committee for 

release.  
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CHAPTER-4 

EXPLOITATION OF HETEROSIS IN MAIZE 

Introduction   

 Maize is one of the oldest and most productive food crop. It has assumed further significance due to 

its demand for feed and industrial utilization. Globally, maize is grown in more than 130 countries 

covering 160 m.ha. The gross production of maize is 895 m.tons. As edible matter supplier, maize 

ranks first (724 m.tons), followed by wheat (516 m.tons) and rice (447 m.tons); as protein source, it 

stands fourth (54 m.tons), next to animal products (87 m.tons), milk + meat + egg  (66 m. tons) and 

wheat (61 m..tons) (FAO, 2012). During 2014-15, the total maize area in India was 8.16 m.ha with a 

production of 22.10 m.tons. Major part of the maize grain (55%) has been utilized for feed, 38 per 

cent for food and remaining 6 per cent for milling and seed purposes.  Maize population comprises 

freely interbreeding individuals, heterozygous at most of the loci, and is heterogenous.  The crop is, 

therefore, adapted to heterozygosity.  Inbreeding results in reduced vigor and size, and the 

appearance of lethals and sublethals.  Thus, heterozygosity is an essential feature of maize cultivars.  

It is either maintained during the breeding process or is restored at the end.  The cultivars may be 

open-pollinated population or hybrids.  The choice of cultivar depends on resources, stages of 

breeding program, seed production industry and socio economic factors.  Hybrid cultivars have the 

advantages of higher yield potential and better phenotypic appeal, but there is extra cost in seed 

production.  

Quantitative inheritance and genetic basis of heterosis     

Information on the nature and magnitude of genetic and genotype-environment interaction 

variations are useful to plant breeders in planning and efficient breeding program.  More extensive 

quantitative genetic studies have been conducted in maize than in any other crop and the results of 

these studies have strongly influenced the thinking of maize breeders since 1950.  Details are given 

in the reviews by Gardner, Moll and Stuber, Sprague and Eberhart, and Hallauer and Miranda.  The 

general conclusions are: additive genetic variance is the most important in quantitative inheritance, 

it is followed by dominance variance, and the mean degree of dominance generally ranges from 

partial to complete dominance.  Epistasis, on the whole, is of minor significance, but may be 

important in certain genotypes.  Overdominance observed in certain experiments was resolved to be 

pseudo-overdominance due to linkage disequilibrium, but overdominance at some loci has not been 

ruled out.  Non-additive effects, though on the average small, are important for some specific 

combinations.  

 In maize, North Carolina designs have generally been used.  In some cases, diallel or factorial 

matings or other designs were also employed.  Hallauer and Miranda summarized the results on 
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genetic variability (Table 1) obtained by various workers using North Carolina designs or, in a few 

cases, the techniques given by others.  The estimates of components of variance were averages for 

each trait that were reported in various studies.  Assuming no epistasis and linkage effects for grain 

yield, additive-genetic variance on the average accounted for 62% and dominance variance for 38% 

of the total genotypic variation.  The contribution of additive-genetic variation was even larger for 

other traits.  Grain yield had the lowest heritability, which indicates the complexity of the trait.  

Table 1.  Average estimates of additive-geneic ( A
2
) and dominance ( D

2
) variance components, and 

heritability (h
2
) for various traits  Hallauer and Miranda 1988)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Breeding objectives depend on various factors like the requirements of the farmers, market forces, 

production levels, constraints and cropping patterns.  The most important objective in maize 

breeding is to upgrade grain yield potential.  The relative performance of maize hybrids have shown 

that the higher grain yield of recently developed hybrids was accompanied by a longer grain-filling 

period (early flowering and delayed senescence), increased sink size (more kernels per unit area), 

larger kernel, higher harvest and shelling indices, shorter plant and tassel, upright leaves, shorter 

anthesis,-silking indices, better standability, better disease and pest resistance and  better tolerance 

to abiotic stresses. Two other important features being looked by the breeders are the nitrogen use 

efficiency and suitability for cultivation under high plant density.    

Hybrid breeding   

Darwin was the first to compare the performance of selfed and crossed plants from the same stock 

of maize and observed the crossed plants to be taller.  Beal reported up to 52% increase in yield of 

Trait  2 

A 

2 

D 

h (%)  

Grain yield  469.1  286.8  18.7  

Number of ears  45.9  11.8  39.0  

ear length  152.4  50.4  38.1  

Ear diameter   4.6  0.9  36.1  

Kernel weight  34.9  9.5  41.8  

Days to flower  4.0  -0.1  57.9  

Plant height  212.9  36.2  56.9  

Ear height  152.7  11.1  66.2  
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hybrids over open-pollinated parents, and suggested commercial cultivation of F1 varietal  hybrids. 

Large scale exploitation of hybrid vigour had to wait for the work of Shull, East and Jones.  Shull and 

East conducted independent experiments on inbreeding and cross-breeding in maize.  Both 

observed depression due to inbreeding and restoration of vigor on crossing.  Shull, on the basis of his 

experiments initiated in 1905, gave a pure-line method of corn breeding which laid the foundation 

for present-day hybrid breeding.  The suggested pure-line method of maize breeding involved three 

steps: (1) large-scale inbreeding to obtain many homozygous or nearly homozygous inbred lines, (2) 

testing the selected inbred lines in all possible crosses and (3) practical utilization of inbred lines in 

seed production of single-cross hybrids.  Shull recognized that the hybrid produced from inbred 

lines, which are homozygous and homogenous, would be uniform and true to type. The first 

commercial planting of a double cross was made in 1921 (Dhillon). After that three way crosses, 

single crosses and modified single crosses were practicable. While hybrid maize had been a great 

success in developed countries, its performance varied greatly in developing countries.  In China, 

single-cross hybrids currently occupy about 90% of the maize acreage.  In India, doublecrosses and 

double top-crosses were first released in the early 1960s, whereas the first singlecross hybrid was 

released in 1995 (Dhillon et al., 1995).  Single-cross hybrids are likely to predominate in other 

countries also.  

Types of hybrids and their merits   

An array of different hybrids are being developed and cultivated in maize in contrast to other crops 

and these have their merits and demerits.  A single cross is a hybrid between two inbred lines (I1 x I2, 

I denoting an inbred line).  A double cross is a hybrid between two single crosses [(I1 x I2) x (I3 x I4)].  A 

three-way cross is a hybrid between a single-cross parent and an inbred parent [(I1 x I2) x I3].  Further 

there are modified single cross [(I1 x I1
D) x I2), double modified single cross [(I1 x I1

D) x (I2 x I2
D)]  and 

modified three-way cross [(I1 x I2) x (I3 x I3
D)] the prime being used to indicate sister lines.  Although 

there is no standard definition of sister lines, genetic commonality should be 50% or more for the 

lines to be designated as sisters (Hallauer et al).  Hybrids can also be developed by deploying non-

inbred parent(s) and they are called non-conventional hybrids.  A cross between two varieties is a 

varietal hybrid (V1 x V2, V denoting a variety), between a variety and an inbred line (V1 x I1) is a top-

cross, and  between a single-cross and variety is a double top-cross hybrid [(I1 x I2) x V1].  There are 

many other types of hybrids involving non-inbred parents.  

Three types of hybrids (single, three-way and double crosses) have mostly been used commercially.  

The most striking advantages of single crosses over double and three-way crosses is that single-cross 

breeding is simpler and faster.  The probability of identifying two inbred lines that combine well and 

are vigorous is higher than for three or four lines.  The expectation is that the best single cross has 
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the highest yield, followed by the best three-way, then the best double crosses.  For a double cross 

to be as good as the best single cross, theoretically, the four non parental single crosses must be top 

performers.  In the presence of epistasis it may, however be possible to find a unique double cross 

or three-way cross as good as the best single cross.  This would require evaluation of all possible 

complex hybrids, but the number of three-way and double crosses increases very rapidly with an 

increment in the number of parents and it is impossible to evaluate all possible complex crosses in a 

small breeding program.  Double and three-way crosses selected on the basis of their predicted 

performance using single cross data require two-stage testing, whereas the evaluation of single 

crosses is a one-stage process.  Further, prediction has its limitations and there are chances of 

missing some good potential hybrids.  

Only single-cross hybrids are homogenous, whereas all other hybrids are heterogenous.  Therefore, 

there was some concern about the stability of performance in single crosses, but experience showed 

that stable single-cross hybrids can be identified.  The uniformity of single crosses for different 

agronomic traits has been an important factor in their spread.  Seed production in single crosses is 

less cumbersome and quicker than complex hybrids.  The number of seasons and isolations required 

for seed production of various hybrids are given in Table 2.  

Table 2.  Seasons and isolations required for seed production of various hybrids  

 

Type of hybrids  Seasons  (number)  Isolations   

(number)  

Single crosses and other  two-

parent hybrids  

2 3 

Three-way crosses and other  

three-parent hybrids  

3 5 

Double crosses and other  four-

parent hybrids  

3 7 

 

Prediction of double-cross performance   

The number of double crosses increases very rapidly with an increase in the number of parental 

lines.  For n inbred lines, there are n(n-1)/2 single crosses, 3n(n-1) (n-2)/6 threeway crosses, and 

3n(n-1)(n-2)(n-3)/24 double crosses.  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 evaluated different prediction methods based on the 

performance of inbred lines, single crosses (all or non-parental), and top crosses, and reported that 
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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.  

Development and improvement of inbred lines   

Usually five or more selfings are needed to obtain nearly homogenous inbred lines.  Selfing is the 

extreme form of inbreeding, and leads to the most rapid fixation of genes.  One generation of self-

pollination results in the same level of inbreeding as three generations of full-sib mating and six 

generations of half-sib mating (Hallauer).  The rate of inbreeding in backcrossing with a homozygous 

parent is the same as in selfing.  A slower approach to the fixation of genes would retain larger 

variability and present more opportunities for selection.  Therefore, suggestions have been made to 

use less restrictive forms of inbreeding like sib mating to develop more vigorous lines.    However the 

experiments did not show the superiority of inbreeding by full-sib mating over selfing for the 

development of vigorous lines.  Considerable resources are required to select plants for sibmating at 

the time of pollination and again at harvesting.  The lines, not being homozygous, may undergo 

changes in gene frequency over several generations of maintenance. Due to these factors, the 

conservative approach of inbreeding has not become popular.  The usual approach is to rapidly 

develop a large number of inbred lines by self-pollination and to conduct visual selection whenever 

possible.   

Male sterility in maize  

Many maize workers have reported cytoplasmic male sterility in maize. Based on the 

restorer/maintainer reaction pattern three systems viz., CMS-T(Texas), CMS-S (USDA) and CMS-

C(Charrua) have been defined. Laughnan and Gabay-Laughnan(1983) reviewed the variants and 

genetic properties of CMS systems. The restoration of fertility is controlled by two complementary 

dominant genes (sporphytic) in CMS-T, a single dominant gene (gametophytic) in CMS-S and a single 

dominant gene (sporophytic) in CMS-C. Among them CMS-T has proven to be satisfactory. However 

in 1970 the southern corn blight epidemic severely damaged the crop in US Corn Belt (Tatum, 1971). 

The epidemic was identified to be due to a new race (T- race) of D.maydis, which was more virulent 

on Tcytoplasm. Thereafter usage of CMS was brought down for seed production.   

Genetic diversity and heterosis   

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 (Richey 1922). Wellhausen (1988) noticed the 

heterotic patterns between Tuxpeno land race (dents) and the Cuben and Coastal Tropical flints of 

the Carribbean and suggested that dent x flint combination could be fruitfully exploited for 
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improvement of maize.. Moreno - Gonzalez (1988) studied a set of crosses involving   Flint ⋅ Flint (F x 

F), Flint ⋅ Dent (F x D), Dent ⋅ Dent (D x D) maize inbreds  and reported that F⋅ D and D⋅ D inbreds 

were found superior than F⋅ F crosses. The GCA effects for yield were higher in dent parents than in 

flint; SCA effects were predominantly positive in F⋅ D and negative in F⋅ F and D⋅ D. Presently, in 

many of the heterosis breeding programmes, dent x flint or flint x dent combinations are being 

exploited to achieve higher yield heterosis. However, Paterniani and Lonnquist (1963), who studied 

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.  Moll et al 

studied crosses among adapted and exotic varieties.  Genetic diversity was inferred from 

geographical origin and ancestral relationships.  Heterosis increased as presumed genetic diversity 

increased, but it decreased in the crosses 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 break-up 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 I3 and I4 from another, the highest-yielding double crosses of 

these lines is likely to be (I1 x I2) x (I3 x I4) 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 I4 is expected to be higher-yielding than (I1 x I4) x I2 and (I2 x I4) 

x I1. 

Germplasm and heterotic patterns  

It is important that the heterotic pools are made as divergent as possible because the heterosis 

depends on the differences in allele frequency between two populations.  Genes should be 

concentrated for contrasting traits in two heterotic pools.  For example, the seed parent should 

possess high yield potential, large bold kernels, good silk emergence, proper husk cover, small tassel, 

and other desirable agronomic features like strong stalks, roots and shank, good size and shape of 

seeds, high germination, longevity of seeds and strong seedling vigour whereas the pollen parent 

should provide enough pollen at the level of ear placement or above and should have good pollen 

spread.  The utility of exotic germplasm to broaden the genetic base and as a source of new genes 

particularly for disease and pest resistance is well recognized.  The choice should be based on 

geographic origin, pedigree and heterotic patterns, besides performance per se and in crosses with 

adapted germplasm.  Adapting exotic germplasm is a long-term program.  Recurrent selection with 
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mild selection pressure should be carried out for adaptation, and thereafter mild inbreeding should 

be undertaken.  Adaptation of exotic germplasm is receiving increasing attention.  

Conclusion  

Hybrid cultivars have played a pivotal role in increasing maize acreage and productivity. Present day 

hybrids have higher grain yield potential, are responsive to nitrogen, tolerant to high plant density 

and resistant to pest and diseases. The availability of cold tolerant hybrids has helped in area spread 

in temperate regions. Now a greater focus is being given to develop hybrids of quality protein maize 

with more lysine content. To consolidate the previous gains and to achieve still higher productivity 

levels, new heterotic patterns are being identified or developed. Temperate germplasm should be 

exploited as a source of genes for higher productivity and physiological efficiency and tropical 

germplasm for biomass production and adaptation. The current germplasm resources need to be 

improved for tolerance to inbreeding stress, as the performance of inbred per se is very important in 

single crosses.  
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CHAPTER-5 

EXPLOITATION OF HETEROSIS IN SORGHUM  

 

Introduction   

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. Though sorghum area is 

declining, it will continue to be an important food grain in India. Since its relative 

importance for alternate uses such as poultry and cattle feed livestock forage, starch, sugar, 

alcohol and other alternate uses will increase. It is therefore, of paramount importance that 

technological developments are extended to increase the productivity and sustainability of 

sorghum production. The discovery of cytoplasmic genetic male sterility in sorghum 

(Stephens and Holland, 1954) 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 (Quinby, 1974).  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.    

Diversity of male sterile cytoplasm in Sorghum  

The use of milo cytoplasm restricts the nuclear diversity.  In recent years, cytoplasmic 

uniformity has been recognized as a potential danger to stability of crop production. So 

alternate cytoplasmic systems are needed to avoid disease and environmental hazards, and 

to add nuclear diversity by using new parental combinations (Borikar et al., 1987).  Several 

alternative cytoplasms have been reported in Sorghum from USA and India, and work has 

been reviewed by Rao et al., (1984) and Worsteel et al., (1984).  Study of the genetic 

relationship between diverse cytoplasmic systems is important to understand sterility, 
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fertility response of each cytoplasm with breeding lines and it enables the use of alternative 

cytoplasm  

Types of Male Sterility in Sorghum  

Two types of male sterility are known in Sorghum :    

i. Genetic Male Sterility (GMS) and   

ii. 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 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 by 

Stephens and Hallond (1954) in progenies of crosses between two cultivars, Milo and Kafir, 

which were themselves fully fertile.   The F2 generation of the cross Milo (<) x Kafir (=) 

exhibited  some male-sterile plants (25%) whereas the progenies of reciprocal cross, Kafir 

(<) x Milo (=), 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 
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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.  

Development of Combine Kafir 60 A  

Six successive backcrosses of male-sterile plants in a Milo x Combine Kafir (another dwarf 

version of  Kafir, CK 60) lines, with the Combined kafir as a recurrent parent, resulted in a 

gradual introgression of the entire genome of Combine kafir into the cytoplasmic  

background of the Milo cultivar.  This resulted in two morphologically similar versions of the 

Combine Kafir (CK 60) parent a male –sterile Combined Kafir (CK 60) and a malefertile 

Combined Kafir (CK 60).  Both lines appeared similar to each other except that one produced 

sterile anthers while the other (the recurrent parent in the backcross) produced fertile 

anthers and functional pollen.  The male –sterile line had Combined Kafir (CK 60) genes in 

the Milo cytoplasm, while the male-fertile line had Combine Kafir (CK 60) genes in its own 

(Kafir) cytoplasm.  These lines were designated CK 60 A and CK 60 B, respectively.  This 

nomenclature has been adopted generally to designate male-sterile or A-lines and their 

maintainer or B-lines.  Male –sterile CK 60A can be perpetuated  by pollinating with the  

male-fertile CK 60 B, and seed thus obtained on CK 60A will reproduce CK 60A.  Therefore, 

the CK 60B line was called the ‘maintainer’ or ‘non-restorer’ line for CK 60A.  The maintainer 

line is self-fertile and thus can perpetuate itself normally.  

Sorghum cultivars when crossed to CK 60A could produce male-fertile F1 hybrids, which 

contained fertility restoration genes.  These are called restorer lines ( R-lines) and are used 

for producing hybrid seed.  This enabled large scale production hybrid sorghum seed.  The 

development of CK 60 A and CK 60 B is a landmark in the history of commercial sorghum 

hybrid seed production.  Several other male-sterile lines were later developed using Milo-

Kafir cytoplasmic genetic male-sterility system.  
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As other cytoplasmic-genetic sterility systems were discovered later in sorghum, the Milo-

Kafir system was classified as the A1 system. However, the new non milo cytoplasmic genetic 

sterility system are not yet in commercial use . (Schertz and Pring 1982)  

Identification of Potential Hybrid parents (A-, B-, and R- lines)  

Potential male and  female parents for hybrid seed production are identified by crossing 

inbred (homozygous and pure) lines from a pollen parent collection (which could consists of 

the world collection of germplasm, cultivars, breeding stocks in advanced generations, etc.,) 

to a male-sterile line ( the A-line) and observing their corresponding hybrid in small plots of 

an observation nursery.  A few plants of each cross are subjected to a bagging test i.e., 

covering a few panicles with a paper bag before anthesis, and observing seed set under the 

bag after a few weeks.  A normal bisexual fertile panicle would exhibit nearly 100 % seed 

whereas in crosses with A-lines, the following three types of hybrids are encountered.  

1. Hybrids exhibiting absolutely no seed set, i.e. male sterility was maintained in these 

hybrids.  The corresponding pollen parent is classified as a nonrestorer-maintainer or B – 

line and could serve as a source of a new potential A –line.  

2. Hybrids exhibiting complete seed set under the bag, i.e. male fertility have been 

completely restored in these hybrids.  The corresponding pollen parent is classified as a 

potential male parent-restorer line or R-line and could be useful in producing hybrids.  

3. Hybrids exhibiting partial seed set under the bag.  Such hybrids and their male 

parents are rejected from further studies because experience shows that it is difficult to 

extract stable R-lines or B –lines from such parents.  

[ Experience with sorghum hybrids, as with other crops, has shown that the parental origin 

has significant bearing on the extent of heterosis and productivity of the hybrid.  It is 

important to choose parents of diverse origin when making experimental hybrids.  In this 

context, utilization of diverse sources of germplasm and identification suitable male and 

female parents with complementary characters is important.  The productivity of parent in 

crosses with other parents is called ‘combining ability’. Average performance of an A- line 

or R-line in crosses with several other lines is called ‘general combining ability’, and  the 

deviation from performance predicted on the basis of general combining ability is called 

‘specific combining ability’. In sorghum, which is a predominantly self-pollinated crop 
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general combining ability of the hybrid parents has been widely recognized to be of greater 

value than specific combining ability.  

Development of New Male parents  

Fertility restorer R-lines or male parents are generally identified in the manner described 

earlier.  However, if the available R-lines do not possess satisfactory combining ability or 

need improvement for certain agronomic characters, superior male parents can be bred by 

following conventional plant breeding procedures such as hybridization of chosen parents 

through emasculation, followed by pedigree breeding or recurrent selection in random-

mating populations (Doggett ,1988). However, it is important to note that in any Rline 

improvement program, selected plants/lines should be ‘test crossed’ to a male-sterile line 

and fertility restoring capacity confirmed by observing their corresponding hybrids.  It is 

recommended that test crossing of new selections is carried out in early segregating 

generations.  This is necessary because ‘restorer genes’ can be lost during recombination 

and segregation of the hybridization program.  Selected R-line plants should be self-

pollinated or inbred for four or five successive generations to achieve homozygosity, and 

their fertility restoring capacity improvement made in the R-lines can be tested by crossing 

them to a standard A-line and observing  their combining ability in comparison with known 

parents.  On experiment stations, R-lines are normally maintained under self-pollination.  If 

large quantities of R-line seed are required, then such lines are multiplied under isolated 

conditions.  

Development of New male-sterile Lines  

Pure (homozygous) lines that give rise to completely male-sterile hybrids when crossed to 

an established A-line can be used to breed new male sterile A-and B-lines.  These maintainer 

or B-lines possess recessive genes for fertility restoration but have a normal cytoplasm.  

Such lines are evaluated for stress resistance and agronomic and other desirable characters 

in observation screening nurseries in comparison with recognized A- and – B line controls. 

Any newly identified B-line can be crossed to a recognized A-line; the resulting male –sterile 

hybrids is backcrossed continuously fox six or seven generation using the newly identified B-

line is obtained.  Thereafter the B-line and corresponding A-line could be used for 

experimental hybrid production. Using this procedure, several germplasm line (homozygous 

or pure lines) found in the world collection were converted to male-sterile Alines, e.g., IS 

2219 A/B, IS 2077 A/B, and   IS 10246 A/B.  Experience has shown that during the process of 
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conversion, certain progenies of the A-line exhibit partial male sterility, and such progenies 

should be rejected from the backcrossing program.  Generally, A-and B – lines are 

maintained on experiment stations through controlled hand pollinations using bags.  When 

large quantities of these male-sterility lines are required they can also be multiplied under 

isolated conditions.  

Another procedure used to develop improved male –sterile A- and B-lines from existing B-

lines is to cross them in a hybridization program with lines possessing the desirable 

complementary characters (B-lines and resistant sources) in single, two-way, three-way, or 

multiple crosses using conventional emasculation and pollination techniques.  The resulting 

F1 hybrids are carried forward to the F2 generation and individual plants combining the 

desired characters (dwarf plant height, good exertion, long panicle, disease resistance, pest 

resistance, good grain color, etc.,) will be selected.  These chosen plants are carried forward 

to the F3 generation by ‘head-to-row’ sowing.  A similar head –to-row sowing of desired 

sergeants could also be practiced breeding programs.  In all these crossing schemes the 

selected head-to-row progenies are visually evaluated and those exhibiting minimal 

segregation for major plant traits such as plant height are marked.  Individual plant pollen 

from such selected F3 (S2 in composites) families is used to cross to individual male-sterile 

plants of an established A-line.  The resulting individual hybrids (test crosses) are evaluated 

by sowing the hybrid and corresponding individual male plant progeny (head row ) in 

adjacent plots.  Hybrids are subjected to a bagging test to determine which male progenies 

are exhibiting satisfactory maintainer reaction.  Hybrids exhibiting complete male sterility 

are crossed with pollen from their corresponding male parent (plant) progeny, again using 

selected individual plants.  

Crossing at individual plant level is necessary in these early backcross generations because 

the male parent is still heterozygous and might be segregating for the recessive sterility 

gene as well as other unwanted characters.  The A-line, which is also segregating at this 

stage, has to be carefully observed because partial sterile and some fertile may appear.  A 

good male sterile should be stable over a range of environmental conditions including the 

hot season, and should possess plant and rudimentary anthers accompanied by long and 

highly receptive stigmas.  It is recommended that individual B plants and the corresponding 

progenies thus carried forward as selected pairs for a few more generations.  The best and 

most uniform A/B pair or pairs have to undergo at least six backcrosses before final 
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selection.  At this stage, pollen from several plants of a male parent (B-line) can be bulked 

and used to pollinate any plant/plants in the corresponding male-sterile A-line.  This is 

possible because the B-line is expected to have reached homozygosity. The breeder has to 

judge the appropriate stage for bulk pollination after careful observation of individual plants 

in the B- and corresponding A-lines.  Newly developed A- and B- lines should be tested 

across a range of environmental conditions (especially temperature) and their stable before 

they are used in hybrid production.  Good seed set under open-pollinated conditions is an 

important selection criterion for male sterile lines.  

Evaluation of Experimental Hybrids  

Completely fertile hybrids promoted from the initial observation nursery to preliminary 

yield trials are called experimental hybrids.  Such hybrids are evaluated in one or more 

preliminary yield trials depending upon their number, along with local farmers’ cultivars and 

others improved controls, using appropriate statistical designs such as randomized 

complete block and /or lattice.  Hybrids are evaluated for a wide range of agronomic 

characters: reaction to disease, pests, and Striga, abiotic stress factors such as drought and 

cold, and grain and stover quality. It is necessary to confirm good pollen fertility restoration 

in experimental hybrids at several locations because under farmers’ production conditions 

(unlike experiment station conditions), lack of sufficient pollen and partial fertility could 

negatively affect grain yield, particularly when night temperatures are <18o C.  Selected 

hybrids are promoted to advanced multilocational adaptation trials conduced over 2 or 3 

years in the target ecological region to confirm their superior performance.  Two or three 

superior hybrids are chosen from these trials for seed production and on-farm trials.  

Hybrids that prove acceptable to farmers and seed producers recommended and released 

for cultivation by the appropriate authorities after a careful examination of experimental 

results.  

Achievements  

Sorghum hybrids were developed and introduced in the USA in 1955 on commercial scale, 

which revolutionized sorghum production as a result almost all the area under sorghum was 

brought under hybrids by 1970 in the USA. As a result of the efforts under the accelerated 

hybrid sorghums and high yielding varieties initiated by Indian council of Agricultural 

Research during the year 1962 under comprehensive coordinated sorghum improvement 

project, a large number of coordinated sorghum hybrids were developed and released. The 
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development and release of these (CSH 1 to CSH 19$) hybrids marked genetic breakthrough 

in sorghum productions. Unlike local sorghum varieties the hybrids are of shorter duration, 

input responsive and mostly photoperiod insensitive. First two hybrids were based on exotic 

parental lines, but the other was bred on the parental lines developed in Indian Programme. 

While CSH 5 and 6 had grain yield potential of 34q/ha, this potential was raised to 39q in 

CSH 9 and gradually advanced to 42 q in CSH 18.  The grain straw ratio of 25:75 in land races 

was brought to 40: 60 in the hybrids. The high grain yield compensated the lesser straw 

yield on cost basis. Later on, emphasis was on the development of dual purpose hybrid with 

40:60 ratio of grain and straw. One such hybrid COH 2 (2219 A x IS 3541) was developed by 

TNAU and this hybrid performed extremely well in southern parts of Tamil Nadu. TNAU has 

released so far four hybrids from COH 1 to COH 4 with duration of 90 to 110 days and with a 

yield potential of 3000 to 4000 kg/ha under rainfed. It was earlier believed that varieties 

would spread faster due to their self propagating nature, and small farmers would prefer to 

retain their seeds rather than buy expensive hybrid seed every year. However, hybrids have 

emerged as carriers of technology primarily due to higher productivity potential, better 

stability of performance, low risk, and assured supply of quality seed.  
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CHAPTER-6 

EXPLOITING HETEROSIS IN PEARL MILLET  

It is grown on 25 million ha with an annual production of 11 million tons. India and Africa 

together produce more than 90% of world output. Relative to other cereals, pearl millet 

ranks sixth in importance after wheat, rice, maize, barley and sorghum. In India, a country 

with a population approaching on billion, pearl millet is the fourth most important cereals 

after rice, wheat and sorghum. Pearl millet is mainly cultivated for grain in Africa and Asia 

but its fodder is an essential component of the crop livestock farming system in 

northwestern India. It has also been recognized as a valuable forage crop, because of its 

robust and quick growth with high fodder yield, in the southeastern USA and dry areas of 

Australia and could also become an important grain in those areas. Its stalk is also used for 

fuel and construction.   

Pollination in pearlmillet  

Pearl millet (Pennisetum glaucum (L.) R. Br. is a highly cross pollinated crop. Its floral biology 

is unique among major crop species in that the hermaphrodite flowers are protogynous 

with the fully emerged and un pollinated stigma normally remaining receptive for 3-4 days. 

Such a situation makes both crossing (without emasculation) and selfing convenient 

operations in the breeding of pearl millet. The style starts protruding two to three days after 

the emergence of the panicle. The stylar branches protrude first from the florets in the 

upper middle region of the panicle and then precede both upwards and down wards. In 

bisexual flowers, the stigmas emerge faster than the anthers and stigma receive pollen from 

inflorescence of the other plants. The time required for complete emergence of varies from 

2 to 3 days. The sequence of flowering completely eliminates self pollination. By the time 

the anther emergence commences, all stigmas will have emerged and been pollinated, 

which avoids selfing under open pollination.   

Additional characteristics that make this crop an ideal organism for breeding methodology 

studies are: 1) Tillering response to spacing and input management, leading to normally 5-6 

tillers per plant under and input management, 2) High seed number, up to 2000 seeds per 

panicle, (3) Low seeding rate 3-4 kg ha-1, (4) Short life cycle, normally 75-85 days, (5) 

Excellent regenerating ability, and (6) Transplanting establishment.  

Genetics of Heterosis  
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High heterosis for grain yield has been indicated in pearl millet by various workers. Rawat 

and Tyagi (1898,) and Ugale et al (1989) reported the performance of a large number of 

hybrids based on CMS lines under a wide range of ecological conditions in India. These 

hybrids were found to be superior to the parental lines as well as open-pollinated varieties, 

and some of the best hybrids out yielded the control varieties by margins ranging from 75 to 

200%. Virk (1988) indicated average heterosis of 40% for grain yield in 377 studies.  The 

heterotic expression has shown some relation with combining ability since several average x 

average combinations have been observed to show heterosis due to complementation of 

dispersed genes. Mahadevappa and Ponnaiya (1966) recorded 4 to 157% increased grain 

yield in hybrids with CMS lines over CO1, the then OPV check.  Several other studies gives 

similar results. For positive heterosis, the dominance component [h] must be positive and 

greater than the additive component [d] when epistasis is negligible.  In addition, heterosis 

requires predominantly unidirectional dominance so that [h] is not reduced through internal 

cancellation.  

Hybrid Breeding  

The exploitation of heterosis in pearl millet was considered easy with its protogynous 

flowering and outcrossing rates.  

Non cms hybrids  

Before the discovery of male sterility in cumbu only chance hybrids were developed. 

Protogyny and the time lag between stigma emergence and anther dehiscence facilitated 

effective cross pollination without emasculation. Crossing is effected by covering the female 

flower with glassine paper before the emergence of stigma. The appropriate stage to cover 

inflorescence is about one third of the inflorescence is out of flag leaf sheath. When all 

stigmas have emerged, pollen may be collected from the male parent by bagging and 

dusting the pollen on the female parent.  However this type of hybrid was not so popular 

due to its ununiformity in phenotypic appearance.  

Cytoplasmic Geneic Male sterility  

 The usual method of developing chance hybrids by taking advantage of the natural crossing 

was not successful in India in obtaining yield and uniformity of the desired level to make 

such hybrids a viable alternative to local land race varieties. Besides this approach did not 

become a commercial proposition owing to the lack of a method to produce pure hybrid 

seed. Also, their adaptation was narrow and gains were not as much as expected.  
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The availability and knowledge of cytoplasmic-nuclear male sterility (CMS), the development 

of CMS lines, and their maintainers and restorers, made it possible to produce the seed of 

commercial single-cross F1 grain hybrids in India (Athwal, 1966). Such hybrids has substantial 

grain yield advantage over popular open pollinated varieties OPVs)  

The occurrence of male sterility in Pennisetum was first cited by Kajjari and Patil (1956). 

Later Menon (1958, 1959) also noted in the strain P.T 819. The fist commercial use of cms  

millet  was based on developments at Tifton, Georgia (Burton, 1958). The source of this 

sterility was observed in the two selected F2s of the cross 556 x Tift 23. The sterile 

mechanism was found to result from a breakdown of micro sporogenesis after anaphase II 

and before first pollen division. Tift 23 with excellent fodder quality and combining ability 

was converted in to sterile by repeated back crossing to Gahi the male sterile lineTift23A 

had been developed  Tift 23A is an excellent seed parent possessing the following features.   

1. Stable male sterility  

2. High tillering capacity  

3. Early maturing  

4. Excellent  fodder quality  

5. Wide adaptation and  

6. Dominant red nods  

Hybrid breeding received a major impetus when cytoplasm male sterility was discovered in 

Georgia, USA, in 1958 and the male sterile (MS) lines Tift 23A and Tift 18A were released. 

The former was made available to breeding programmes in India and Africa. It showed poor 

adaptation in Africa and shed pollen. The limited numbers of hybrids based on this line were 

completely destroyed by downy mildew (Sclerospora graminicola) and further hybrid 

breeding was discontinued. Tift 23A was, however, extensively utilized in India and five 

hybrids from HB1 to HB5 based on this line were released for commercial cultivation from 

1965 to 1969 (Dave, 1987).  Production increased from 3.5 to 8.0 million tons during this 

period.   

Diversity of CMS source  

The servility inducing cytoplasm of Tfit23A was designated as A1. However, intensive 

cultivation of hybrids based on a single MS line resulted into cytoplasmic and genetic 

homogeneity leading to a downy mildew epidemic in the early 1970s. Production fell to 3.3 
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million tons. The cause for the susceptibility of these hybrids to downy mildew was 

associated with male sterility inducing cytoplasmic factor.  

The difference in resistance based on Tift23 A cytoplasm indicated that the cytoplasm is not 

associated with downy mildew susceptibility (Kumar et al., 1983). The breakdown in male 

sterility was also noted in Tift 23A by presence of pollen shedding plants. (Burton, 1972, 

1977).  Later studies revealed that the susceptibility is due to interaction of both nuclear 

and cytoplasmic factors. Due to the susceptibility of the above hybrids to downy mildew the 

need arouse to widen the generic base as well as cytoplasmic base of male sterility to 

induce high level of downy mildew resistance.   

The work on these aspects was carried out in many centres and improved Tift23A lines were 

developed for commercial utilization in hybrid development. Thereafter, a series of downy 

mildew resistant hybrids were released from time to time (Dave, 1987) but the majority of 

them succumbed to this disease to the lack of diversity and inadequate resistance to downy 

mildew in MS lines rather than to cytoplasmic susceptibility (Yadav et al., 1993). However, 

much greater efforts are now being made to breed for downy mildew resistance and the MS 

lines currently being used are highly resistant (Rai and Singh, 1987). Consequently, the life 

span of single-cross hybrids produced in recent years in longer than for those produced in 

the 1970s  

PHB10 and PHB13 were the first downy mildew resistant hybrids released in India (Gille et 

al., 1975). Various breeding approaches were adopted to improve Tift23A and many 

improve lines were constituted.  

Thereafter, a series of downy mildew resistant hybrids were released from time to time 

(Dave, 1987) but the majority of them succumbed to this disease to the lack of diversity and 

inadequate resistance to downy mildew in MS lines rather than to cytoplasmic susceptibility 

(Yadav et al., 1993). However, much greater efforts are now being made to breed for downy 

mildew resistance and the MS lines currently being used are highly resistant (Rai and Singh, 

1987). Consequently, the life span of single-cross hybrids produced in recent years in longer 

than for those produced in the 1970s  

Two other sources of cytoplasm contributing sterility were identified in L. 66A and L67A by 

Athwal (1961) having different from Tift 23 A and designated as A2 and A3 respectively. 

Appadurai et al (1982) reported a new CMS system at TNAU, CBE, by substituting the genes 

of inbreed “PT 732” into the cytoplasm of another inbred PT 819 from Bellary (Karnataka, 
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Andhra Pradesh, India). Afterward many male sterility lines were developed with different 

cytoplasmic source.   

The cytoplasmic source viz., A2, A3, A4 and A5 has been characterized by isonuclear studies 

(Rao et al, 1996) and using restriction fragment length polymorphism (RFLP) analysis of mt 

DNA of several A lines  (Chowdhwly, 1989 and Sivaramakrishnan et. al (1991).  The male 

sterile cytoplasm charactersied and male sterility lines developed using different 

cytoplasmic sources are furnished below.   

Different sources of cytoplsam characterised in pearl millet  

Type of 

cytoplasm 

Reference  Remarks  

A2 Athwal (1961)  Late maturing type selected from genetic stock of 

IP189  

A3 Athwal (1962)  Population of natural cross of stock possessing pearly 

amber grains in Ludhiana  

A4 Hanna (1989)  Selected from accession of P. glaucum sub.sp. monodii 

from Senegal, Have  more stable male sterility  

A5 Rai (11995)  Source from large seeded gene pool . More stable 

male sterility. Best for producing seed parents of 

forage hybrids . Any inbred is a potential maintainer. 

Restorers are hard to find.  

Aegp Rai & Hash 

(1994)  

Derived from ICRISAT early gene pool. More stable. 

Restorers occur in materials of diverse origin  

Unclassifi 

ed source  

Appadurai et al 

(1982)  

Derived from PT819 from bellary. More stable  

Male sterile lines developed using different cytoplasmic sources  

Type of 

cytoplasm  

Sources of 

cytoplasm  

CMS lines  

A1 Tift 23 A   Tift 23 A, Tift 18A, Tift 23 DA, Tift 18 DA, D202A, 628  

A, 28 A, 330 A, 558 A, Tift 23 Datr tr, L101 A, L102 A,  

L105 A, Pb 201 A, Pb 215 A, 81 A, 833 A, 834A,841A,  

842A, 843A, 851A, 852A, 861A, 862A, 863A, ICMA  

87001, ICMA 87002, ICMA 87003, MS1, MS 2, MS 4- 

MS 9, MS11-14, Pb 111A-37,Pb 111A-39-13, ICMV  

88004, ICMV 89111, ICMV 88006, AKM 1163, Tift 

23DAE, ASM3, LMS1A, ASMA, ASM 7, Tift 23A#, 85DA, 

Tift 90DAE.   

A2 L66A  L66A, Tift 239A, L103A, Pb 301-PB 309A  

A3 L67A  L67A, L108A, L109 A, Pb 401A-403a,Pb 405a, Pb 426 a 

A4 Monodii  Tift 23Am , 81A4 
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A5 LSGP6 81A5 

Aegp ICMA90111  ICMA 90111A  

Unclassified 

source  

PT732A  PT732A, Tri23A  

Others    DSA 1052, DSA 1182, DSA 1342, DSA 144-12, DSA 5912, 

PMC 233, PMC 303, N86-2874, Tift 23 Am5, ICMA 88—

14. 

 

Even though various cytoplasmic sources conferring sterility were characterized the A1 

source is continued to be the major in exploitation of hybrid varieties. The major reason for 

this is due to poor stability, pollen shedder and lack of restorers for newly identified 

cytoplasmic sources. Promising male sterility lines and hybrid developed are furnished in the  

 

Table. Promising male sterile lines and hybrids developed for commercial use 

CMS Line  

Distinguishing features  Reference/ 

Origin  

Hybrid(s)  

Tift 23A  Medium height, narrow leaves 

Good tillering, good combiner  

Burton (1965a)  HB1 to HB 5  

126D2A  Moderately short, fairly 

resistant to downy mildew   GAU(Jamnagar)  
GHB 1399  

CMS Line  

Distinguishing features  Reference/ 

Origin  

Hybrid(s)  

L111A   Medium tall, mid late, 4-6 ear 

Bearing tillers, thick and long 

panicles with small bristles  

Athwal et al. 

(1976), Gill et al 

(1977)  

PHB10, PHB 14, 

PHB47, X5 

5071A  Medium tall, induced downy 

mildew resistant mutant of Tift  

23 A  

Pokhriyal et al. 

(1976)  

NHB 3, NHB 5  

5141 A  Tall, medium narrow leaves 

purple nodal hairs, very good 

combiner  

Pokhriyal et al. 

(1976)  

BJ 104, BK 560,  

BD 111, BD 763,  

HHB 45, COH 2  

(K 4), GHB 27,  

GHB 32  

5054 A  Early, thin stem, medium tall, 

narrow leaves   

Pokhriyal et al. 

(1976)  

CJ 104, CM 46, 

GHB 30  

81 A(ICMA 1)  d2 dwarf, 3 to 4 effective tillers, 

fairly resistant to downy mildew 

resistant mutant from Tift 23 BD 

Kumar and  

Andrews (1984)  

ICMH 451, HHB 

50, HHB 60  
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834 A  Medium tall, early flowering 2 

to 3 tillers, derived from Serer 

10 A from Uganda  

ICRISAT, 

Patencheru  

ICMH 501  

842 A  Large-seeded, early and dwarf 

male-sterile line  

KSU, USA  HHB 68  

843 A  Large –seeded early and dwarf 

male-sterile line  

KSU, USA  HHB 67  

MS2  A derivative of S10A and S10 B 

from Uganda  

MAHYCO,  

Jalna  

MBH 110, MBH  

118, MBH 130,  

MBH 136  

PT 732 A  Photosensitive, dwarf, an Indian 

inbred incorporating PT 819 

cytoplasm  

Appadurai et al 

(1982)  

PNBH 1, x 5 

CoHCu8  

841 A  Downy mildew resistant 

version of 5151 A, 2 to 3 

effective tillers, medium 

height  

 ICMH 423,  

Pusa 23, Pusa 322  

Ms4  

 

A-line from  S10 A from Uganda 

via ICRISAT  

MAHYCO,  

Jalna  

MBH 149  

Pb 405A3 Induced downy mildew 

resistant mutant from L110B  

PAU, Ludhiana   PHB 108  

ICMA 88004  Large seeded, yellowish 

seedling foliage  

ICRISAT, 

Patencheru  

ICMH 356  

ICMA 89111  High synchronous tillering   ICRISAT,  

Patencheru  

HHB 94  

Conversion of male sterile lines  

The male sterility will be a desirable phenomenon in seed parent if it has restorer pollen 

parent.  The conversion of the desirable parents in to male sterile seed parent is achieved by 

repeated back crossing. The following parents can be converted in to male sterile seed 

parent.  They are   

a) Inbred seed parent   

b) F1 seed parent and   

c) Population seed parents..  

a) Inbred seed parent  

 In the case of inbred seed parent type a maintainer line, which has normal pollen but does 

not restore fertility can be converted into an inbred male sterile parent by repeated back 

crossing.   

b) F1 seed parents  
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F1 seed parents are used for producing three way hybrids.  It is produced by back crossing A 

line with B lines of unrelated A line. Complete male sterility of the F1 is essential for 

breeding three way cross hybrids. The advantages of using F1 as seed parents are  

1. Higher seed yield of the F1s as compared to inbred seed parent  

2. Late maturing promising inbred lines can be used by crossing them with early B lines 

and crossed with early pollinators to produce early hybrids  

3. The dominant nature of downy mildew resistant can be exploited to increase the 

longevity of promising but susceptible male sterile inbred lines through their use in 

producing F1 seed parents  

c) Population seed parent  

In population as parents the heterogeneous population is converted into male sterile to 

overcome the problem of adaptation and diseases resistance. Work is already underway at 

ICRISAT, using Nigerian Dwarf composite (NCD2) as recurrent parent. Seed parents are 

mainly improved for downy mildew resistance. This could be achieved either through 

improvement of B lines or exploiting residual variability present in the original population.  

Pollen parents and its improvement  

Dominant nuclear gene(s) capable of restoring pollen fertility of a CMS lines must be present 

or incorporated into the agronomic ally superior line that is to be used as the male or pollen 

parent in seed inbreds capable of restoring fertility to certain CMS lines, especially those 

using the A1 cytoplasm, have been developed in pearl millet.  These lines are developed by 

selfing and selection. Pollinators can also be developed form open-pollinated populations or 

F2 populations from crosses between desirable genotypes. To ensure selection of segregates 

possessing fertility restoration alleles, it may be desirable to carry out test crosses in early 

generations (S2/F3 using an A-line as a tester. When selected lines are fairly uniform (usually 

at about S4 or S5 generation or equivalent), they are crossed with male sterile lines (A-lines).  

The F1 hybrids thus produced are studied for combining ability for grain yield and agronomic 

traits.  Lines producing hybrids with good fertility restoration are carried forward.  

Pollen parent may be an inbred or a top cross pollinator which is capable of restoring 

fertility. The inbreds are developed by selfing and selection.  The specific characters of the 

pollinaters are  

1. Good general combining ability  

2. High tillering  
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3. Good panicle size  

4. Good grain quality  

5. Medium to short height  

6. Resistant to diseases and pests  

7. Abundant pollen production  

8. And adequate level of photo period sensitivity  

Topcross hybrid  

Top cross hybrid (TCH) cultivars are bred by crossing an inbred male-sterile line with an 

open-pollinated variety.  It may be referred to as an inbred  variety, a line x variety or, 

where CMS line is used, as a CMS line x variety cross. TCH  as cultivars are a recent 

alternative to SCHs in pearl millet and a TCH (ICMH 88088) has come into commercial 

cultivation on a limited scale in India. The advantages of TCH  

A top cross pollinator does not require many generations of selections as an inbred 

pollinator.  

The greater spread of flowering in the top cross pollinator allows them to nick well with a 

wider range of male-sterile lines than is possible for most inbred pollinators.  

There is greater potential for effective selection in top cross pollinators for specific 

characters (e.g., disease resistance) than in inbred pollinators.  

Top cross pollinators are more vigorous than inbred pollinators and are also high-yielding.   

Thus, their seed multiplication is less expensive than that of inbred pollinators.  

Seed production of TCHs is more economical than single-cross hybrids, since pollinator rows 

can be fewer in number, should it be required.  

The disease resistance of top cross pollinator, and hence of TCH, can be expected, on 

theoretical grounds, to be more durable than that of inbred pollinators. Variable pollinators 

produce variable topcross hybrids.  These hybrids can be less susceptible to diseases such as 

downy mildew, provided they carry different genes for disease resistance.  

TCHs provide a potential compromise between high yield levels and their stability, and 

therefore, might prove superior to single-cross hybrids in the harsher areas of the semiarid 

regions.  

Three-way hybrids  
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 Three-way hybrids (TWHs) are an extension of single/cross hybrids that utilize a male sterile 

F1 hybrid as seed parent instead of an inbred line.  The significance of an F1 seed parent in 

developing TWHs depends, on   

(i) the yield superiority of the F1 seed parent over the best available CMS lines;  

(ii)  the relative yield and yield stability of TWHs compared to the best available single 

cross and top cross hybrids; and   

(iii)  the relative phenotypic variability in TWHs as compared to single-cross and top cross 

hybrids.  

 Recently, a private company in India commercialized a TWH called GK 1011, which is 

as good as SCH called GK 1004.  

Inter-population hybrids  

In Africa, there is no adoption of single-cross hybrids and farmer still prefer traditional 

landraces.  Reasons for this preference may include better adaptation of the landraces to 

the environmental stresses in semi-arid areas and/or greater yield stability because of their 

heterogeneous and heterozygous nature compare with single-cross hybrids.  Ouendeba et al 

(1993) reported 12,45%  heterosis in inter-population hybrids involving landraces.  Lamberi 

(1983) reported 27.59% yield increase over OPVs by inter population hybrids.   

Heterosis under stress condition  

In India, modern cultivars, both hybrids and open-pollinated cultivars, have been widely 

adopted throughout the pearl-millet-growing regions (Kelley et al., 1996) because of their 

high yield potential and resistance to diseases. Adoption rates are lowest in the drier regions 

of the country and especially in desert areas of western Rajasthan, where pearl millet is the 

principal grain crop for human consumption and an indispensable fodder plant for animal 

production. Traditional landraces with lower yield potential but with adaptation to the 

environmental stresses in these areas are most commonly grown. Farm household surveys 

in Rajasthan showed that improved cultivars were not adopted by farmers because of 

insufficient grain and straw yieldunder conditions of drought stress (Kelley et al., 1996) and 

because of poor food quality (Christinck, 2002).   

In the dry areas of western Rajasthan, farmers use diverse strategiesto improve their own 

landraces (Christinck, 2002).These strategies include the introgression of modern cultivars 

with high yield potential into well-adapted landraces. Information about combining ability 

and heterotic pattern of the current breeding materials can be used, on the one hand, to 
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optimize farmer breeding; it could, on the other hand, help conventional on-station 

breeding programs to create new source populations for hybrid and population breeding 

with increased genetic variability and to combine adaptation with yield potential. 

The presence of heterosis for different traits of pearl millet has been reported in numerous 

studies. Most estimates were obtained using diallel and line x tester designs with inbred 

parents and were, therefore, not comparable to the results with no inbred materials. 

Ouendeba et al. (1993) investigated heterosis and combining ability among five African pearl 

millet landraces. In contrast to the present study, estimates of better-parent heterosis for 

GY were positive in all crosses and ranged from 25 to 80%. Ali et al. (2001) evaluated 11 

medium to late maturity pearl millet population and their diallel crosses in five 

environments in India. Both population and heterosis effects for GY were significant and 

heterosis explained 25% of the entry sum of squares. The subdivision of the heterosis sum 

of squares revealed only significant average heterosis, whereas population and specific 

heterosis effects were non significant.  

Presterl and Weltzien (2003) conducted an experiment with the genetic materials of six 

pearl millet populations EC-C6, EC II, EC 87, EC 89, HiTiP 88 and HiTiP 89 developed by the 

International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in India and three 

landraces (WRajPop C2, LRE 128 from Rajasthan and PakLR 74 from Pakistan.The nine 

populations, along with their 36 crosses, were evaluated in eight environments during the 

rainy seasons The test locations were subdivided into three groups according to their 

latitude, mean grain yield of the trials, and environmental conditions (rainfall, fertilizer 

input, and soil type). These groups were:   

(i) The arid zone environments of northwestern India at the Rajasthan  

Agricultural University research station in Fatehpur-Shekhawati and at the Central Arid Zone 

Research Institute in Jodhpur;   

(ii)  The more favorable production environments of northwestern India at the Haryana 

Agricultural University Farm at Hisar, Haryana, and 

(iii)  The test environments at ICRISAT at Patancheru near Hyderabad in Andhra Pradesh. 

In the present study, average level of heterosis across environments was low, mainly 

because positive and negative heterosis values balanced each other out. The parent 

populations differed widely in their plant architecture and origin. Therefore, insufficient 

genetic diversity could not explain the low average heterosis and the occurrence of negative 
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heterosis, especially in the wide crosses between landraces and elite materials. The elite 

populations differed in their content of African and Indian germplasm, but there was no 

obvious heterotic pattern related to the origin in of the elite populations. The landrace 

parents originated from the dry areas of northwestern India and Pakistan,and the elite 

parents were developed in the Patancheru environment. Therefore, adaptation to different 

local conditions could beone reason for the comparatively low heterosis values, and could 

be explained through co adapted genes, at many loci, interacting in an epistatic manner. 

When such populations are crossed, theF1s are adapted to neither of the different 

environments (Falconerand MacKay, 1996). The present study was not designed to estimate 

such epistatic effects. 

For grain yield, expression of heterosis in this set of materials depended on the 

environmental conditions, and more positive heterosisvalues occurred under drought stress 

in the Rajasthan environments. Pethani and Dave (1992) reported that levels of heterosis for 

pearl millet in different environments changed.  Yadav et al. (2000) evaluated top cross 

hybrids between elite male-sterile lines and landraces as pollinators in different 

environmental zones of Rajasthan and under terminal drought conditions in Patancheru. 

Heterosis was calculated as the superiority of the hybrid over its land race pollinator. 

Average heterosis for most of the traits tended to be greater under drought stress 

conditions than in the environments with only mild stress. For grain yield, results depended 

on the male-sterile parent. Crosses with one male-sterile line showed greater heterosis 

under drought stress, whereas hybrid superiority of the crosses with the other line was 

greater under more favorable conditions. Highest estimates for heterosis were, however, 

obtained under conditions of terminal drought. This could be partly caused by the lack of 

adaptation of landraces to the Patancheru environment. The population crosses, especially 

those involving landrace parents, expressed a relatively high number of panicles with 

unusually poor seed set (data not shown). Subsequent observations of some of the same 

populations in test crosses with male-sterile lines indicated that this poor seed was caused 

by chromosome translocations segregating in these populations. This could partially explain 

the low levels of heterosis, and its high level of specificity, but not the variability across 

different groups of environments. 

Mid parent heterosis for seed yield was on average higher than for grain yieldand significant 

across environments, which is in contrast to the study of Yadav et al. (2000). It was also 
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variable across environments but followed a different pattern than heterosis for grain yield. 

Heterosis tended to be higher than for grain yield in all favorable environments, including 

Jodhpur in 1992, the year with the higher seasonal rainfall within the Rajasthan 

environments. The Gardner and Eberhart Analysis II across all environments showed a much 

higher percentage of sum of squares explained through heterotic effects for seed yield 

(44%) than for grain yield (7%). All three components of heterosis were significant, with the 

largest contribution of specific effects. When individual analyses were performed for the 

different groups of environments, however, heterotic effects were only significant in 

Patancheru, and specific effects dominated. Burton (1968) tested 106 pearl millet F1 hybrids 

from inbred lines in three years for their total annual forage yield (three to four cuttings per 

year). In contrast to our results, the hybrids out yielded their inbred parents by a greater 

margin in a year with strong environmental stress conditions (73%) than in a favorable 

growing season (53%). 

Drought escape through early flowering is advantageous in growing seasons with terminal 

drought stress. On the other hand, later anthesis can be beneficial in escaping early season 

drought stress (Bidinger et al., 1987; van Oosterom et al., 1996). Heterosis for earliness is 

common in pearl millet and has also been reportedby Bidinger et al. (1994) and Yadav et al. 

(2000). In a study with top cross hybrids on extremely early male-sterile lines,the greatest 

yield superiority of hybrids over landrace parents was observed in a terminal stress 

environment where the hybrid escaped drought stress via earlier flowering (Yadav et 

al.,2000).In the present study, population crosses flowered on average 0.4 d later than their 

parents, resulting in a slightly positive heterosis for TF, and possibly a yield advantage at the 

three Rajasthan locations, where early season drought occurred. 

Problems in exploitation of hybrids   

The major problem limiting hybrid development is its susceptibility to downy mildew after 

little year release of hybrids.    

The Hybrid becomes susceptible to downy mildew after few years of cultivation due its 

narrow genetic base. Hence the necessity for wide cytoplasmic sources as well improvement 

of parental and seed parents was realized.  

The changes in hybrid as well as male sterile sources were realized as a result of breakdown 

of male sterility and susceptibility to downy mildew resistance  
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Because of narrow genetic base, the hybrids do not have flexibility to adjust to varying 

nature of Semi-arid tropical climates  

Because of difficulties in seed production i.e., maintenance of A, B and R lines in isolation 

the small seed producers are hesitant to take up hybrid seed production  Crop failure due to 

drought and small difference in yield over OPVs in marginal lands  Consumer preference for 

local land races  
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CHAPTER-7 

EXPLOITATION OF HETEROSIS IN PIGEONPEA  

Introduction  

Pigeonpea is a short lived perennial shrub, cultivated as an annual crop in southern and 

southeastern Asia, eastern Africa, the Caribbean region, and south and Central America. It is 

chiefly grown for its seeds which are eaten either as dry split pea (dhal), or as a green 

vegetable, and for its stems that provide a good source of fuel wood. Research on the 

genetic improvement of pigeonpea started with the selection of disease resistant genotypes 

from land races in the early part of this Century. Although some cultivars have recently been 

developed through hybridization most cultivars are landraces or selections from landraces. 

In experimental plots, these cultivars yield up to 3-4.0 t/ ha. The average yield in traditional 

farming systems, however, remains at around 700 kg/ha due to a number of yield-reducing 

biotic and abiotic factors.  The majority of food protein in India is derived from pulses grown 

invariably under un favourable and risk prone environments with no or minimum inputs  

resulting in low and unstable productivity. In India, pulses are grown on about 23 m ha but 

their production (13.0 m tons) as well as productivity (600 kg / ha) is unacceptably low. 

Therefore, concerted efforts are necessary to enhance the productivity and sustain the 

research gains.   

The quantum jump in yield potential observed in some crops in the past was primarily due 

to commercial exploitation of a single genetic phenomenon, commonly known as 'hybrid 

vigour' or ‘Heterosis', In pulses, however, this phenomenon could not be exploited because 

of their inability to produce their hybrid seed economically. Recently in pigeonpea (Cajanus 

cajan (L.) Mill spa-ugh), a breakthrough has been achieved in developing hybrid technology. 

In pigeonpea, Saxena et al. (1981) observed the predominance of additive gene action for 

yield and yield components. Sidhu and Sandhu (1981) reported the importance of both 

additive and non-additive gene action for yield, while the predominance of non-additive 

gene action was observed by Dahiya and Brar (1978). Gupta et al, (1981) reported 

predominance of additive gene action for seed size.  

Heterosis  

Hybrid vigour over the mid-parent and better parent has been reported by several  workers 

for grain  yield and other economic characters. Solomon et al. (1957) were (he first to report 

hybrid vigour in pigeonpea in 10 intervarietal crosses. In some crosses, they observed hybrid 
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vigour over Ihe better  parent up to a maximum of 24.5% for grain yield together with that 

of plant height, plant spread, stem girth, number of fruiting branches,  leaf length and 

width. Component analyses of hybrids have shown high yield  in the heterotic crosses to be 

closely associated with heterosis for pods / plant, number of primary branches, and plant 

height, that alI  contribute to increased total biomass (Saxena and Sharma,1990). 

Subsequently, a number of reports have been published on hybrid vigour for yield and yield 

components (Saxena and Sharma, 1990).Most of the reports on hybrid vigour suffer from 

considerable bias lo genotype X environment interaction (Jinks, 1983). The studies 

conducted at ICRISAT conclusively show that a single location suffer from the bias caused by 

genotype x environment interaction, and may give an impression of psuedo heterosis.  

Pollination and Male sterility System Cross pollination system  

The floral biology of pigeonpea flower permits both self as well as  cross pollination.  

According to Bahadur et al. (1981) the pollen produced by short  stamens is used for 

selffertilization ,whereas that produced by long  stamens is  used for out-crossing.  Saxena et 

al, (1990) described a large variation (0-70%) in natural out-crossing in pigeonpea and it is 

known to occur as a result of frequent insect visitation from one flower to other  within and 

across the fields. Out of 24 insect species capable of affecting  cross fertilization in 

pigeonpea, Magachile spp. and Apis mellifera are the  main pollnating vectors (Onim 1981). 

According to Bhatia et al. (I981) number of insect pollinators, number of flowers, flowering 

habit of the varieties, location of field in relation to insect habitat, temperature, humidity, 

wind velocity and its direction determine the extent of crosspollination.  

Genetic male sterility systems  

For exploiting natural cross-pollination for pigeonpea improvement, a deliberate search for 

male-sterility was made al ICRISAT in germplasm and in 1CP 1596 male-sterility associated 

with translucent anthers was identified. This form of male-sterility was controlled by a single 

recessive gene ms1 (Reddy et al., 1978). Later, a different source of male sterility 

characterized by brown arrowhead shape anthers and controlled by a single recessive gene 

ms 2 was identified in Australia.  Both male sterile types have prominent anther 

morphology, which provides an effective and easy way of identifying male sterile plants in 

field before anthesis. The male-sterile lines derived from ms1 sources were used extensively 

in hybrid breeding programmes in India.  

Cytoplasmic male sterility  systems  
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Considering the limitations in large-scale hybrid seed production encountered due to 

genetic nature of male-sterility and the prospects generated in yield enhancement through 

hybrid breeding, the development of cytoplasmic male sterility (CMS) became very 

important. In order to induce cms through wide hybridization the main was to place 

pigeonpea genome in foreign (wild ) cytoplasm. Two wild species have been successively 

used in breeding cms line.These are C. sericius  and C.scarabaeoides.The first attempt to 

develop CMS in pigeonpea using the crossable wild relatives of pigeonpca was made at 

ICRISAT by crossing Cajanus sericeus with an advanced breeding line. Intensive selection and 

backcrossing in the segregating populations resulted in the development of the first CMS 

line and it was designated as CMS 85010. To diversify the genetic base of CMS for 

developing hybrids in different plant types and maturity groups, CMS 85010 was crossed to 

a number of advanced breeding lines and germplasm. At present ICR1SAT maintains (three 

CMS lines. CMS 85010 is of short-duration with determinate growth habit; CMS 88034 is a 

non determinate short-duration type while CMS 13092 has genome from African germplasm 

and it belongs to long-duration group.  

Various ICAR centres also joined this endeavour and scientists at Gujarat Agricultural 

University succeeded in developing a CMS line GT 288 A, using Cajanas scarabaeoides  

cytoplasm. This source has shown stability in the expression of the trait over locations. The 

identification of male-sterile plants at Akola in interspecific crosses with C. cajanifolius and 

C.volublis is also reported. Similarly, though was initiated in 1997 at TNAU, Coimbatore ( 

Rathnaswamy et al.1998), two short duration cms lines , CORG 990052A and CORG 990047A 

were developed (Kalaimagal etal.2005) recently. Three hybrids were developed and the 

hybrid COPH 3 is found to be stable over different locations in MLT. The same hybrid is 

being tested in On farm trials in two districts of Tamil Nadu. Similarly, at Varanasi and 

Trombay some male-sterile plants were found in crosses involving C mollis  and C. sericius. 

The first cms based pigeonpea hybrid GTH 1 (GT 288 A X GT R 11) was released from Gujarat 

Agricultural University in 2004.  

So far several cms sources have been identified. They are as follows  

 A1   C.sericius    ICRISAT  

 A2   C.scarabaeoides   GAU and TNAU  

 A3   C.volubilis PDKV  

 A4   C.cajanifolius    ICRISAT  

 A5   C.cajan ICRISAT    
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 A6   C.albicans   ICRISAT  

Genetics of male sterility and hybrid Pigeonpea Elite pigeonpea hybrids  

ICRISAT achieved a major breakthrough in hybrid breeding technology in pigeonpea. In the 

absence of CMS, the available GMS sources were used to develop hybrids and their seed 

production technology. The chronological details of this development are given by Saxena 

etal. (1997)r Soon after the release of the world's first pigeonpea hybrid ICPH 8, concerted 

efforts were made by ICRISAT, various ICAR centres, and private sectors to identify new 

cross combinations. So far, about 10,000 hybrid combinations have been evaluated. Of 

these, 182 F1 hybrids exhibited more than 20 per tent superiority over the best control. 

Considering the performance of hybrids in different maturity groups it was concluded that 

the heterosis was more pronounced in early and medium duration types than in long-

duration hybrids and this could be attributed to the evaluation of few hybrid combinations, 

lack of genetic diversity, and/or limitation of additional biomass production. In the mid-

nineties ICRISAT discontinued breeding of GMS-based hybrids and the resources were 

diverted to develop CMS lines and their fertility restorers.  

The following genetic male-sterility based pigtonpea hybrids were released in India   

ICPH 8: The world's first pigeonpea hybrid ICPH 8 was released from ICRISAT and ICAR in 

1991. ICPH 8 was superior to controls, UPAS 120 and Manak by 30,5 and 34.2 per cent 

respectively. In Maharashtra state, ICPH 8 was 20 per cent better than ICPL 87 and 30 per 

cent better than TAT-10. In Gujarat state, ICPH 8 recorded 26 per cent superiority over  

control ICPL 87 in on farm trials.  

PPH 4: It was released in 1993 by Punjab Agricultural University (PAU), Ludhiana (Verma and 

Sidhu, 1995). This short duration hybrid out yielded the check variety, T 21 by a margin of 

47.4 per cent in MLTs. PPH 4 recorded 32.1 per cent higher yield than the best national 

check UPAS 120. PPH 4 also out-yielded the control AL 201 by a margin of 20 %  in OFTs 

(Verma et aL. 1994). This early maturing pigeonpea hybrid with high yield potential is highly 

suitable for pigeonpea wfeat cropping system in the irrigated areas of North India.  

COPH 1 and COPH 2: In 1994 a short-duration hybrid IPH 732, was  released by Tamil Nadu 

Agricultural University (TNAU), Coimbatore as COPH 1. COPH 1 recorded 32 % higher yield 

over control VBN 1 OFTs (Murugarajendran etal.1995). In 1997, TNAU released another 



 

Ph ton eBooks                                                                                                                                                  69 

 

pigeonpea hybrid COPH 2. Which out-yielded COPH 1 and CO 5 by 13 and  35 per cent 

respectively.  

AKPH 4104 and AKPH 2022;They were released by Punjabrao Krishi Vidyapeeth, Akola. 

AKPH 4104, released for central Zone, is a short duration hybrid gave 64 per cent higher 

yield than control UPA120. AKPH 2022 is a medium-duration hybrid released for 

Maharashtra state which recorded 34.9, 28.2 and 25.2 percent more yieid than controls 

BDN 2, C 11, and ICPL 87119 respectively.  

Seed production technology and its adoption  

Research on various aspects of hybrid pigeonpea seed production technology began at 

ICRISAT as soon as stable male sterilily system was identified. It could set sufficient pods due 

to natural out-crossing. Since out crossing in pigeonpea is promoted by insects a safe 

isolation distance is essential to produce quality seeds of the parental lines and hybrids. 

Faris (1985) suggested that for quality varietal seed production, two varieties must be 

separated by at least 100 m, whilst a distance of 200 m between varieties is essential if the 

seed is to be used by breeders. In India, the seed certification standards fixed regard to 

isolation distance for pigeonpea inbred varieties are 200 m for breeder seed and 100 m for 

both foundation and certified seed (Tunwar Singh, 1988), The optimum planting ratios 

recommended by various centres are as follows.  

ICRISAT – 6:1   

GAU       – 5:1  

PAU        -- 4:1  

TNAU     -- 6:1  

Cost of production  

Seed cost plays an important role in the adoption of  hybrids. The technology itself and crop 

management practices are critical in determining the production costs.   The feasibility 

studies jointly conducted by ICRISA.T and MAHYCO in 1979-80 showed that the hybrid 

pigeonpea seed could be produced at a reasonable price (Saxena et al 1986). Later, in a 

detailed study undertaken by ICR1SAT and TNAU, the estimated cost of hybrid seed was Rs 

6.25/ kg (Murugarajendran et al., 1995). Studies conducted by PAU showed a large variation 

in the production costs of male-sterile and hybrid seeds. In 1990, 275 kg seed of a male-

sterile line MS Prabhat (DT) was produced in one hectare at a cost of Rs 39.4 / kg. In the 

subsequent year, the estimated production cost of hybrid seed was Rs 13.8 / kg (Srivastava 
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and Asthana, 1993}. Roguing was found to be the most critical activity and it accounted for 

about 45 per cent of the total production cost (Muthaih etal.1998). In tropical environments 

with warm winters, pigeonpea produces several flushes of pods within a year and its 

perennial nature can he profitably exploited to produce quality hybrid seed at low cost. 

Experiments at ICRISAT demonstrated that adoption of multiple harvest system reduced the 

production costs significantly as there is no need to rogue after the first crop (Saxena et al., 

1992). These studies suggest that under good management the cost of producing hybrid 

seed in pjgeonpea is not as high as feared in the initial stages because of the utilization of 

genetic male-sterility.  

Cytoplasmic male-sterility and hybrid Pigeonpea Fertility restoration of CMS  

Fertility restoration is a vital component of CMS-based hybrid technology. At ICRISAT during 

the past three years over 200 advanced breeding lines and germplasm of diverse origin have 

been crossed to CMS lines to study their fertility restoration. The observations on F1 hybrids 

indicated that (i) the fertility restorers are available in both germplasm as well as advanced 

breeding lines but their frequency is low, (ii) most lines appear to be heterogeneous for 

fertility restoration gene(s) and selection within a line is essential to identify pure breeding 

fertility restorers, (iii) some lines produce hybrids with partial fertility restoration, and (iv) in 

some cross combinations the fertility restoration was found to be influenced by 

environment. The intensive search has succeeded in identifying a few fertility. Among these 

H PL 24 appears to be the most promising. These observations will be reconfirmed to ensure 

the expression of fertility restoration.  

Seed production technology Environmental effects on CMS 

Experiments conducted   revealed that expression of male-sterility in CMS lines derived from 

C.sericeus cytoplasm is influenced by environment. The factors responsible for this sex 

reversal are still unclear In a recently conducted trial involving environment sensitive CMS 

selections it was observed that the CMS lines expressed complete male-sterility in the 

month of August, when sown in mid June. However, in the month of September when day 

length and mean temperature started declining, a proportion of the male-sterile plants 

turned fertile and produced normal pods and seeds. It was also observed that the amount of 

pollen produced by these plants differed grossly from plant to plant. Further, towards mid 

February when day length and mean temperature increased, these "converted fertiles" 

reverted back to male-sterility. At present these lines are being purified for the sensitivity 
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trial. The seeds produced from such plants give rise to male-sterile plants without any 

abnormality. Similar effects have also been recorded in some crosses made to study their 

fertility restoration. 

Methodology and Its adoption   

Various aspects of hybrid seed production technology have already been studied and 

standardized using genetic male sterile lines. The seed production technology using CMS is 

simpler and economical than that of using genetic male sterility based hybrid technology 

because it will eliminate roguing of fertile segregants and which accounts for about 45% of 

total production cost. Therefore, adoption of the seed production technology by private 

sector and grower, the farmer is expected to pose no difficulty.  

Prospects for hybrid Pigeon pea  

In recent years, pigeonpea production in India has recorded a significant growth rate that is 

primarily due to the development of short-duration and medium-duration disease resistant 

varieties. Since the demand for pigeonpea is ever increasing and the scope for horizontal 

expansion of area is limited, the attention of researchers needs to be focused on increasing 

its yield potential. The exploitation of heterosis and restructuring of plant type are two ways 

of increasing yielding ability of pigeonpca. To achieve this goal, a complementary approach 

is needed to knit these two and other important elements together. In the recent past vital 

breakthroughs in physiological research laid the foundation of green revolution in important 

food crops like, rice ,wheat and maize. A comparison of pigeonpea with other crops such as 

maize, cotton, millet and sorghum where commercial hybrids are already in cultivation 

shows that the magnitude of realized heterosis for yield in pigeonpea is more or less, similar 

to those of other crops. This phenomenon could be exploited commercially if a grower-

friendly mass hybrid seed production technology is developed. The experience with genetic 

male sterility based hybrid technology in the past 25 years has conclusively demonstrated 

that in pigeonpea the exploitation of hybrid vigour is feasible if seed production difficulties 

are addressed adequately. Various issues related to the development of high yielding CMS  

based hybrids and their grower friendly seed production technology also need careful 

planning, these include diversification and stability of cytoplasmic male stenlity, combining 

ability analyses, breeding high yielding diseases resistant A, B and R lines, and identification 

of heterotic cross combinations. In pigeonpea, the first breakthrough in yield is likely to 
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come from hybrids. It is not far when Indian farmers will reap the benefits of this technology 

.  
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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 mitotic ally 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. They 

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 
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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. 

 

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, 

histospecification 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 
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present within the pollen sacs (Fig. 2). During phase 2, a cell degeneration and dehiscence 

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.   
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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 

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 
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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 

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.  

[ 
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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.  

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 

producing another enzyme called barstar. Barstar is a specific inhibitor of barnase, and in 
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the bacterial cell, barstar binds to barnase in a one-to-one complex, disarming the latter so 

it can do no harm.   

1 

Fig 4. Engineering genic male sterility using Barnase (A) and restoring fertility to F plants 
using Barstar (B)  
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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 (Mariani et al., 1990).   

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.   

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 
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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 

 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 

hybrid to deviate relative to the midparent predictions (e.g., by an upregulation of many 
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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. 

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 
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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 tetraploids 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 (1942), 

tetraploid 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 
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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 (1997) 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. (2001), 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 (Birchler, 1993; Birchler et al., 2001). It was proposed to explain 

heterosis (Birchler et al., 2003) as well as instability in neoallopolyploids and interspecific 

hybrids (Osborn et al., 2003; Riddle and Birchler, 2003).   

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 (Guo and 

Birchler, 1994).  

What is responsible for such dosage effects? It has been argued that these dosage effects 

are a reflection of dosage-dependent gene regulatory hierarchies (Birchler et al., 2001).  
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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 (Birchler and Auger, 2003). 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 (Birchler et al., 

2001). Consequently, quantitative traits will be controlled in large part by multiple dosage 

dependent 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 (2003), as well as work in 

our own laboratory (Osborn et al., 2003) and earlier work at the protein level by Romagnoli 

et al. (1990) 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 

comprehensive examination of genome-wide expression patterns. A larger sampling might 
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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-10 

EXPLOITATION OF HETEROSIS IN OILSEEDS -    

SESAME, GROUNDNUT AND SUNFLOWER  

Due to ever increasing supply demand gap for edible oilseeds, heterosis breeding is being 

viewed as a main driving force for productivity enhancement and has been commercially 

exploited in sunflower and castor. The value of hybrids and importance of heterosis 

breeding in oilseeds was recognized early with the inception of All India Coordinated 

Research Project on Oilseeds in 1972-1973. Oilseeds supplements 10-12 % energy needs of 

the people in the country and shares 10 % of the gross value of total agricultural products. 

Among the nine edible oilseed crops, groundnut, sesame and sunflower are the major crops 

widely grown in our country. Hence, exploitation of heterosis in such crops gains 

importance.  

Groundnut  

 Direct exploitation of heterosis in autogamous crops like groundnut is difficult (Reddy, 

1998). Heterosis is due to the influence of non-additive gene action which may be due to 

interallelic or intra allelic interaction. If heterosis is governed by epistatic (additive x additive 

type) of gene action it may be possible through selection to fix  alleles to preserve  heterotic 

effects (Isleib and Wynne, 1983) Usually heterosis is observed in  crosses between cultivars 

of different sub species (Intraspecific crosses). They indicate that the nature of gene action 

and interaction varies in inter and intra-specific crosses. Arunachalam et al, (1983) have 

studied the role of heterosis in breeding for yield in groundnut. Heterosis in F1 generation of 

three sets of single and one set of three way  crosses were evaluated for selection of F1S  

that gave good chances of providing productive segregants in F2 and F3 generations.  

 Isleib and wynne (1983) assigned 27 exotic cultivars to groups on the basis of  

morphological  characters. Each cultivar was crossed with a locally adapted, large seeded 

Virginia breeding line NC AC 18,000. Heterosis, as a significant deviation from mid parent  

value, was present in some crosses for all characters scored and was positive, except for 

shelling percentage. Heterosis was rare in crosses between sequential branching exotics and 

NC AC 18,000, itself a sequentially branched genotype, but frequent between NC AC 18,000 

and exotics with a different branching pattern. Although there was heterosis over mid 

parent value for pod and seed yield, values for these were not greater than that of the 
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adapted parent. Heterosis in pod and seed yield was primarily due to dominance, but 

epistasis was more important in heterosis for pod and seed number and shelling 

percentage.   

 The frequency of heterotic crosses depends more on the cultivars used in the study than on 

the subspecific groups. Arunachalam et al., (1984) analysed two diallels that included 

Spanish bunch (SB) and Valencia (VL) of ssp. fastigiata and Virginia bunch (VB) and Virginia 

runner (VR) of ssp. hypogaea. The frequency of heterotic crosses of 10 numbers, ranged 

from 17 per cent of VL x VR to 90 per cent for SB x VB. Both lowest and highest figures were 

for fastigiata x hypogaea crosses. These figures were comparable to the range of heterosis 

of 33 per cent for VL x VL to 83 per cent for VR x VR. Forty per cent of SB x SB crosses were 

heterotic, while 35 or 70 per cent of VB x VB crosses were heterotic in the two diallels. 

Although intersubspecific or intervarietal crosses can give a high degree of heterosis, this 

can also be achieved from crosses between cultivars within botanical varieties.   

 Manoharan et al. (1990) studied 18 F1 hybrids involving Spanish and Virginia types. Spanish 

x Virginia combinations recorded significant positive heterosis for pod yield, pod number, 

pod and kernel weight. Vindhiyavarman and Raveendran (1994) studied heterosis in 6 

parent diallel crosses. From these diallel crosses the combinations ICGS 44 x Girnar 1, ICGS 

44 x ALR 2, ICGS 44 x JL 24, icgs 44 x CO 2 and ALR 2 x GG 2 recorded significant heterosis for 

pod yield and number of mature pods.   

 Senthil and Vindhiyavarman (1998) studied 20 F1 hybrids for exploiting hybrid vigour, of 

which TMV 10 x ALG 63 for number of mature pods. ICGS 76 x VRI 4 for bold seeds and TMV 

10 x TAG 24 for high yield recorded highest heterosis. Jayalakshmi et al.,( 2000) studied 21 

F1 and their F2 crosses, the crosses, TAG 24 x JL 24, ICGV 86031 x TG 26 and ICG 2716 x ICGV 

86031 showed high heterosis for kernel yield and oil content. Vinit Vyas et al. (2001) studied 

diallel crosses involving 6 parents, where in the crosses GG5 x ICGV 93465 and GG 20 x ICGV 

93465 showed good heterosis for pod yield, kernel yield and number of pods per plant. 

Mathur et al. (2003) observed the cross CSMG 84-1 x Chico and B98 x Girnar 1 showed high 

heterotic / hybrid vigour among the 12 F1 hybrids for pod yield  per plant.  

 A breeder should have a knowledge on the inheritance of economic character especially in 

crops like groundnut, than only it will be easy; for his/her to identify the F1’s and also for 

pedigree breeding.   
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INHERITANCE OF CHARACTERS  

Plant type   Spreading/semi spreading > bunch  

 Semi spreading > spreading  

Plant height  Tall > dwarf  

Leaf shape  Elliptical -oblong > elliptical   

 Normal leaf > crinkled leaf mutant  

 Narrow leaf > normal leaf  

Colour of leaf veins  Red colour > absence of colour  

Branching pattern   Branched > non-branched  

Inflorescence on main stem   Absence > presence   

Flowering  Alternate > sequential flowering  

Corolla colour  Dark colour > light  

Plant maturity   Perennial > annual   

 Late > early  

Pod size  Large pod > small  

 

Pod constriction  Absence > presence (cytoplasmic factor also present)  

Pod reticulation  Deep reticulation > shallow reticulation  

Pericarp  Thin pericarp > thick pericarp  

Pod beak  Non beak > beaked pod   

Seed size  Larger  > small   

Seed shape  Long > short; Elangated seeds > round shape  

Seed number/pod  Fewer seed number  > 3 or more seeds per pod     

Shape of seed at end  Flat end of seed > smooth end  

Testa colour  Coloured testa  >white   

Oil content  Low > high  

Oleic acid content   Low > high   

Seed dormancy  Dormancy > non-dormancy  

Protein content  High > low  

Disease resistance   

Groudnut rosette virus  Susceptible > resistant  

Early and late leaf spot  Susceptible > resistance   

[2-3 genes and  both resistance are independent]  

Rust  Susceptible > resistance  

Verticillium Wilt  Susceptible > resistance  

(Muralidharan, et al., 2001)  

Sesame   

Sesame crop offers several advantages such as shorter cycle, a potential for higher harvest 

index, tolerance to drought as well as its ability to fit into a wider range of intercropping 

systems and crop sequences. Not with standing these merits, there is an urgent need to 

augment its productivity levels incorporating a wider degree of adaptability to avoid 
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fluctuations in its productivity from location to location and season to season. One 

feasibility is through the development of hybrids suitable to diverse agro-ecological 

conditions with high yielding potentials.   

Inheritance of economic characters   

 The characteristic of solitary flower is dominant over three flowers per axil. Although the 

multiple character can be inherited, its expression would also appear to be related to 

seasonal conditions.   

 Branched type is dominant over mono stem or unbranched types.  Receiprocal difference 

due to cytoplasm influence is also observed in the expression of this character. Purple 

flower colour was dominant over purple-white and over white. Brown is dominant over 

white colour of testa. (Muralidharan et.al., 2001)  

 The yield improvement achieved through conventional hybridization followed by selection 

has only been marginal. Exploitation of hybrid vigour which was originally restricted to 

cross-pollinated species has now been extended to a great deal in highly selfpollinated crops 

also. Experimental sesame hybrids manifesting large heterosis for seed yield and its 

contributing characters have been reported (Singh et al., 1986). However, commercial 

exploitation of heterosis in sesame is feasible only if means of producing hybrid seed 

economically could be made available. Hand emasculation and pollination are still used 

widely to produce seeds of experimental hybrids in sesame which are labour and time 

intensive. Unlike many other crop species in which heterosis has much significance in view 

of the possibility of practical exploitation of hybrid vigour using male sterile lines, heterosis 

in sesame will remain as a theoretical proposition until perhaps the use of male sterile lines 

that permits production of a large number of F1 hybrids is made available. The epipetalous 

flower structure enables easy manual emasculation. But manual emasculation and 

pollination are the limiting factors to produce economically large quantity of F1 seeds to 

cover large area as a commercial venture. Some of the other distinct advantages in the 

development of hybrids are low seed rate requirement, high seed multiplication ratio (1 : 

150), The natural crossing is less than 10-15 per cent only.   

 The floral biology of sesame is ideally suited for developing hybrids. Among the techniques, 

simultaneous emasculation and pollination in the same day morning has the advantage of 

pollinating 50 per cent more number of buds per hour, than in the traditional method of 
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emasculation and pollination, in the evening and the next day morning respectively. ( Ganga 

kishan and Ramachandra Rao, 2000).  

Exploitation of heterosis in sesame  

 For enhancing yield potential of hybrids it is necessary to resuffle the genes by crossing and 

study the heterotic effects in F1. Heterotic study will have a direct bearing on the breeding 

methodology to be employed for rapid improvement in sesame. The success of hybrids in 

the cross pollinated crops encourages the plant breeders to exploit the phenomenon of 

hybrid vigour in self pollinated crops like sesame. In sesame, the heterotic potential 

available to the tune of 328 per cent (Singh et al., 1986) can be fully exploited to break the 

yield plateau. Utilization of male sterility will make the commercial hybrid seed production 

cost effective.   

Observations on hybrid vigour for a number of characters were first reported by Pal (1945). 

Ricelli and Mazzani (1964) observed that hybrids of cultivars from distinct localities 

exhibited more conspicuous heterosis. Murthy (1975) reported higher heterosis in Indian x 

exotic crosses than in Indian x Indian and exotic x exotic crosses.   

 Sesame although is largely self-pollinated yet, high levels of heterosis have been reported in 

certain hybrid combinations from various countries. Commercial exploitation of heterosis 

through the development of hybrids using manual crossing in the absence of stable male 

sterile lines is laborious and expensive. An alternative approach to exploit hybrid vigour is 

the use of F2 population where ever the residual heterosis is more and inbreeding 

depression is less. Govindarasu et al. 2000 studied the residual heterosis in intervarietal 

crosses of sesame. Based on the hybrid vigour among 35 F1 hybrids 24 F1 s were identified 

which showed significant positive heterosis for seed yield. Among the 24 F2 s the residual 

heterosis ranged from 2.01 to 81.32 % with ten crosses showing significant positive 

heterosis. Strong positive heterosis was noted in the F2 of eight crosses for capsule number 

for which heterosis ranged from 10.14 to 79.30 %.  

Strategies need to be considered for the success of sesame hybrids are 

Selection of male parents with dominant genetic markers having more pollen load and 

pollen density. There should not be any strain of sesame within 100 m distance of seed 

production plot A female to male plant ratio of 2:1 is sufficient for hybrid seed production, 

After every two blocks of female parent, ;one block of male parent is to be sown. A block 
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size of 200 sq.m is convenient. Hybrids need to be cultivated under high management, 

preferably in rabi / summer situations. White seeded hybrids have export value.   

Sunflower  

 Hybrid breeding in sunflower was initiated by Placheck in 1919 at Sarotov and later 

continued at Krasnodar by Yagodin (Vranceanu, 1995). Preliminary hybrids at that stage 

showed some evidence for heterosis which was later emphasized by many authors. Single 

cross hybrids are highest yielding followed by three way hybrids. Heterosis intensity for oil 

content is lower than that of seed yield.   

 Initially, the commercial hybrids were produced in Romania using genetic male sterility 

(GMS) controlled by single recessive gene (Viliechko 1989). Due to well known genetic 

causes, the GMS was not found useful for commercial hybrid seed production. Cytoplasmic 

male sterility (cms) now used exclusively for hybrid seed production in sunflower was 

discovered for the first time by Leclercq (1969) in the progenies of interspecific cross 

Helianthus petiolaris x H. annuus. This source of male sterility has been proved to be very 

stable and is used exclusively in all breeding programmes around the world. Restorers and 

maintainers of this male sterility are easily available in cultivated sunflower types. 

Nevertheless the large scale use of same cytoplasm increases the genetic vulnerability to 

diseases and insect pests. In order to minimize the risks, new sources of cms in sunflower 

have been bred to exploit cytoplasmic variability available in both primary and secondary 

gene pools.  

Cytoplasmic Male Sterility and Fertility Restoration :  

Discovery cytoplasmic male sterility in sunflower by Leclercq (1969). Identification of genes 

for fertility restoration (Enns et al., 1970; Kinman, 1970) Besides alien species, the wild 

ecotypes of  Helianthus annuus have also proved to be rich repositories of cms sources. 

Some of these differed from commonly used PET 1 (from H. petiolaris) source of male 

sterility. Due to several limitations generally associated with alloplasmic cms lines, no other 

source of cms has so far been used to produce hybrids on commercial scale.  

 In India the heterosis breeding programme was initiated in early 70’s. Since then a large 

number of hybrids have been released by public as well as private sector institutions/ 

companies.   

 Intervarietal crosses affected by Gorbachenko (1980) manifested better parent heterosis 

for seed and oil yield to an extent of 22.4 per cent. Seetharam (1984) reported that the 
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hybrid BSH -1 derived from the cross cms 234 A x RHA 274 out yielded the standard parent 

EC 68415 by 50 and 40 percent under rainfed and irrigated conditions respectively.  

Giriraj et al., (1986) in their study with ten F1 hybrids derived from five cms lines and two 

restorers, observed an average heterosis of 7.7 per cent for days to flowering and 192.4 per 

cent for achene yield per plants. However low levels of heterosis has been reported for oil 

content and number of leaves.   

Heterosis breeding  

The values of hybrids and importance of heterosis breeding were recognized early with in 

inception of All India Co-ordinated Project on Oilseeds in 1972. The advantages of hybrids 

over open pollinated varieties are detailed below :  

1. High yield potential and suitability to intensive agriculture   

2. Uniformity in crop stand and maturity   

3. High autogamy per cent and therefore high seed set   

4. Resistance to disease like rust and downey mildew and tolerance to Alternaria leaf 

spot.   

 Experimental hybrids were developed in 1974-75, usiang cytoplasmic male sterile lines and 

restorer lines introduced from other countries. It was found that all the hybrids were 

distinctly superior to the check variety (EC 68415) both in seed and oil yield. A special 

project promotion on Research and Development efforts on hybrids in selected crops – 

sunflower was launched in 1989 to give thrust to develop hybrids for diverse situations 

(Virupakshappa, 1995).   

 As a result of intensive heterosis breeding both by public funded institutions and private 

companies, a total number of 33 hybrids were released.   

From an analysis on spectrum of released varieties and hybrids revealed initially i.e.  

during 1970-80 five varieties were introduced for general cultivation. During 1981-85, four 

varieties and 1 hybrid were released. In 1985 and during early part of the 21st century (upto 

2005), hybrid era has been urshed in by releasing 32 hybrids and 9 varieties of which 16 

hybrids are from private sector. The details of released varieties / hybrids over the years are 

as follows.   
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Year   Public   Private  

Variety  Percentage  Hybrid  Percentage  Hybrid  Percentage  

1972-75  2  11.1  -  -  -  -  

1975-80  3  16.7  -  -  -  -  

1980-85  4  22.2  1  5.9  -  -  

1985-90  1  5.5  1  5.9  4  25.0  

1990-95  3  16.8  4  23.5  -  -  

1995-2000  4  22.2  3  17.6  5  31.3  

2000-2005  1  5.5  8  47.1  7  43.7  

Total  18  100.0  17  100.0  16  100.0  

Hence the breeders involved in heterosis breeding especially in cross pollinated crops 

should have a through knowledge on the genetics of the quantitative traits, conversion and 

maintenance breeding. At present we are importing nearly 45 % of vegetable oil to fill the 

gap between local demand and production. In future horizontal in crore in area for 

agricultural crops is not possible and we have the only option to go for vertical 

improvement, ie., increasing the productivity per se. This will be possible only by heterosis 

breeding and for which the future strategies must include.  Development of high yielding 

and nutritionally superior hybrids which should have multiple resistance against major pests 

and diseases. Germplasm collection, wild species collection, maintenance, documentation 

and protection under WTO’s Intellectual Property Rights (IPR). Link with major National and 

International Institutes through Internal/ bio-infoservice to update the research activities.   

Utilising molecular tools, simulation techniques and genetic signaling to develop time 

oriented crop Ideotype.   
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CHAPTER-11 

EXPLOITATION OF HETEROSIS IN OILSEED CROP - BRASSICAS  

Introduction  

 Brassica oil seed crops are the world's third largest most important source of edible 

vegetable oil whereas in India it ranks second exceeded only by groundnut. India ranks first 

in Mustard production by contributing about 6.0 million tones.  The yield improvement of 

this important oil seed crop started after the initiation of Brassica hybrid development 

programme  during 1989 under ICAR aided project, “Promotion of research and 

development efforts on hybrids in selected crops-subcrop brassica”. Recent investigations 

leading to the development of new CMS lines and identification of maintainers and fertility 

restoration lines have brightened the prospects of development of commercial hybrids in 

brassica.   

Biology 

 Brassica oil seed crop includes B. campestris, B. napus (both called rape seed) and B. juncea 

(Indian Mustard). Rapeseed (Brassica napus and  Brassica rapa) can be divided into two 

types: Canola, and Industrial rapeseed.  The two types are distinguished based on their 

individual chemical or fatty acid profiles, which is the fat molecule.  Canola is the new name 

for the edible oil-crop that is characterized by low erucic acid (long chain fat found in plants 

of the mustard family) or L.E.A.R, with less than 2% erucic acid, and less than 30 micromoles 

glucosinolates Industrial Rapeseed, high in erucic acid or H.E.A.R, with greater than 45% 

erucic acid, and high or low in glucosinolates.  Low glucosinolates are preferred for 

traditional markets to allow the use of the meal as a livestock feed.    

 Brassica napus is a self-pollinated crop with cross-pollination to some extend. In cultivated 

fields, cross-pollination rates of about 20-30% have been reported (Rakow and Woods 1979 

and Labana and Banga 1984). The frequency of cross-pollination is influenced by weather, 

availability of insect pollinators, and cultivar. B. campestris varieties are generally self-

incompatible. Both species are primarily pollinated by honeybees, however wind pollination 

is possible over distances of up to 2.5 km. B. rapa is a diploid with chromosome number of 

2n=20, and B. napus is an allotetraploid with a chromosome number of 2n=38. Among crop 

species B. juncea and B. napus are predominantly self pollinating while B. campestris 
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ecotypes with the exception of yellow sarson are cross-pollinated (Labana et al. 1992). In 

Indian mustard (B. juncea) the out crossing varied from 7.6 to 22%.    

HETEROSIS IN BRASSICA  

 Heterosis was first reported in brown sarson by Singh and Mehta (1954).  

Subsequently many studies have estimated the extent of heterosis for seed yield. The 

results indicate significant level of heterosis 13 to 91% in B. juncea (Verma et al. 1998) 25 to 

110% in B. campestris (Yadav et al. 1998) and 10 to 72% in B. napus (Thakur and Sagwal 

1997). It was also observed that hybrids between genetically distant group showed greater 

heterosis than within the group combinations. Significant levels of heterosis for yield 

contributing parameters have been reported. Attention must however, be paid to the fact 

that the branch number, siliqua number and seed number and weight constitutes the prime 

component of yield heterosis are the character with poor heritability, and are severely 

affected by population density (Thakur and Sagwal, 1997). Unfortunately the majority of 

these studies report heterosis over mean parental value or better parental value and based 

on small plot size, data based on superiority to commercial variety and in CMS combination 

are rare.  

Exploitation of heterosis   

 Hybrids offer advantages to high  yields as a result of heterotic response, readily combining 

the desire dominant characters, uniform crop development  and harvested products owing 

to genetic homogeneity and better adaptability to environment and stresses as compared to 

pure lines/varieties.  However, systems for the commercial exploitation of heterotic 

response are being developed.  Difficulties are being experienced either with maintainer or 

restorer gene or morphological or physiological defects.  However, heterotic response is 

being exploited in the following ways:  

i. Spontaneous hybrids :   

Two high combining ability varieties of B.campestris are planted in alternate rows.  The 

seeds are harvested together.  Using leaf colour of seedlings as a marker (green colour being 

dominant to yellow), Huang (1980) designed the method to produce spontaneous hybrids 

by removing 25% false hybrids by identifying and removing these plants in the seedling 

stage identifying by the leaf colour.  

ii. Self-incompatible hybrids:   
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 Utilization of self-incompatibility mechanism present in toria and lotni brown sarson types 

has been suggested to produce hybrids in these crops (Rai 1980). Fu (1981) developed self-

incompatible lines and their maintainer and restorer to produce hybrids.  Fu (1985) 

demonstrated that spraying 5% salt water during flowering period every three to five days 

was effective to control self-incompatibility.  This method is economical and easy and its 

effect is equal to that of bud pollination by hand and can be successfully employed in 

selfincompatible type of B.Campestris.   No major achievement reported so far in India.  

iii. Chemically induced male sterile hybrids (male gametocides)  

 Very few researchers have evaluated the use of male gametocides in brassica (Banga et al. 

1986). Male gametocide No.1(MG 1), MG 4 and other chemical substances are effective, 

which can kill pollen grains more than 80 per cent.  It was found that microsporogenesis was 

the most sensitive period to male gametocide. The male gametocides do not seem to have 

immediate practical utility.  

iv. Genic Male Sterile hybrids  

A number of sources of genetic male sterility are available in B. juncea (Badwal and Labana 

1983, Banga and Labana 1983), B. campestris v. brown sarson (Katiyar 1983), B. campestris 

v. yellow sarson (Gupta et al. 1997), and B. campestris v. toria (Singh et al. 1984). Most of 

them are spontaneous in origin and exhibit monogenic inheritance. The exploitation of 

genetic male sterility is not economically viable, as extra labour is required to rouge out the 

fertile plants from the ms line before anthesis. No linked seedling markers or pleiotropic 

effect of the male sterility gene has been found which could make it possible to identify the 

male fertile plants before the initiation of flowering.  

v. Cytoplasmic  Male Sterile hybrids:  

Sources of male sterility   

1. Raphanus based CMS (Ogura 1968):  

 Male sterility conferred by ogura cytoplasm of Raphanus stativus (Japanese radish variety) 

has been transferred to B. juncea cv RLM 198 from male sterile B. napus through repeated 

back crossing and selection (Labana and Banga 1989). Resulted male sterility is highly 

thermostable but three problems arose in the utilization of this system are chlorophyll 

deficiency at low temperature (< 13 0C), low nectar production and lack of fertility 

restoration.The male sterility is controlled by a pair of recessive gene ms ms and sterility 

inducing cytoplasm.   
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2.Bronowski Shiga Thompson  System (Thompson 1972) 

Thomson 1972 observed male sterility in B. napus.  MS is obtained by crossing Bronowski, a 

B.napus variety as male parent. Here genotypes with recessive gene and fertilizing 

cytoplasm are used as female parent. Here the male sterility expression is unstable under 

Indian conditions and plants revert to fertility at high temperature.  

3.Nigra based system   

 Pearson 1972 induced male sterility by placing B. oleraca genome ro B. nigra.  This MS 

system is transferred to B. junceae and B. napus by using B. carinata to carry nigra 

cytoplasm. This MS is stable and the flowers lack nectories. (Eg., B.juncea cv RS11-13 ).  

4.Diplotaxis muralis system   

 Here the MS is developed by transferring B. campestris genome to the cytoplasm of 

Diplotaxis through back crossing. Male sterility  occurred due to indehiscence of pollen.   

5.Rawat and Anand (1979) System   

 In B. juncea cytoplasmic male sterility was first time reported by Rawat and Anand (1979). 

The male sterility was stable over a wide range of environment conditions. Here the anthers 

are petaloid and ruminant.   

6.Polima System   

 Male sterile plants discovered from B. napus  cultivar Polima  The sterility resulted from an 

interaction of the sterile cytoplasm with one or two pairs of recessive nuclear genes (Liu et 

al., 1987). Eg., B. napus ISN 706, ISN 602, GSL 8903, GSL 8852 and WRG 15. Banga and 

Gurjeet (1994) observed thermosensitivity of sterility expression and yield penalty 

associated with the polima CMS system. ISN 126 and GLS 8909 acted as perfect maintainers 

for this system.  

 7.Juncea System  

 The sterile line MS 4 which was developed by Banga et.al., (1988) in B. juncea has 

cytoplasm from RLM – 198, while its maintenance is the European variety EJ – 33. Genetics 

analysis indicate the male sterility occurred when the cytoplasm of RLM 198 interacted with 

recessive nuclear gene of EJ 33. Most of the European varieties are its maintainers and 

Indian varieties have resorting genes. Subsequently, the male sterility inducing cytoplasm 

was transferred to B. campestris. A limitation to this system is much reduced nectaries and 

the frequent occurrence of malformed flowers.  

8. Oxyrrhina System :  
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 Male sterility resulted from the alloplasmic combination of B. oxyrrhina cytoplasm with the 

nuclear genome of B. campestris and B. juncea (Prakash and Chopra 1990). Raut et al. 

(1996) observed that B. oxyrrhina CMS in B. juncea background would be ideal for their 

exploitation in the hybrid programme.  

9. Trachystoma balli (trachy system):  

 This CMS system has derived from the somatic hybrid  Trachystoma balli and B. juncea 

(Kirte et.al.,1995)  

10. Other CMS systems   

 The back cross substitution of the B. juncea genome into the cytoplasmic background of B. 

carinata resulted in a stable male sterile line (Banga et al. 1983). Banga et al. (1988) 

reported that breakdown of sterility at higher temperatures is a major limitation of nap 

system.   

 Enarthrocaprus lyratus CMS : Enarthrocaprus lyratus cytoplasm causes male sterility in B. 

campestris has been reported by Gundimeda et al. (1992). Banga and Banga (1997) had 

developed lyratus based CMS line in B. napus.  

 Five cytoplasm : Erucastrum canariense, E. abyssinicum, Brassica cossoneana,  

Sinapis tubescence and Diplotaxis erucoides are in the process of introgression in B. juncea.  

In B. napus CMS development programme has been in progress with four CMS systems 

namely polima, tournefortii, lyratus and oxyrrhina   

 Liu (1975) discovered cytoplasmic male sterility line A of B. campestris in 1965, later on , 

crop Institute of agricultural sciences of Wapin academy, utilizing pal CMS developed the 

pas CMS sterile lines x langal A and set up lines in 1976. Liu 1975 found the Shah 2 A CMS of 

B. napus in 1976 and setup three lines in 1983. The mean yield of first double high hybrid 

“GUIYOU 2” was 27.4% higher than the check.   

 Fu (1981) used poorly exploited genotypes of B. campestries as the female parents 

to cross with highly explored genotypes of B. chinesis and found male sterile materials easily 

in the descendants. Use of the varieties of B. campestries to test cross with the pool CMS 

sterile line helped in identification of restorer gene in the varieties of North West China.  

Fertility restoration  

 In order to deploy CMS systems to develop commercial brassica hybrids, it is essential to 

have effective restorer lines. Complete fertility restorers could be developed for polima, 

tournefortii and lyratus CMS sources in B. napus (Banga and Banga 1997). Fertility restorers 
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have been identified for trachystoma and moricondia based CMS lines of B. juncea (Kirti et 

al. 1997,). Angadi and Anand (1988) also reported restorer in B. juncea but that was not 

found suitable for commercial exploitation . As a results of these investigations functional 3 

line system have become available in B. juncea and B. napus for the first time.  

 Lack of restorers has hampered the exploitation of several other CMS systems for 

producing commercial hybrid seed (Singh and Verma 1997). The major difficulty in finding 

restorer in natural accessions is the multilocus control of incompatibility between the 

mitochondrial and nuclear genome (Anand et al. 1985, Downey and Chopra 1996).   

COMMERCIAL ACCOMPLISHMENTS  

 Technology to develop GMS based hybrids in yellow sarson was perfected. Seed production 

technique has been standardized for B. napus hybrid seed production. Three Mahyco 

Brassica juncea hybrids are under marketing sine 1997. Recently a canola type B.  

napus hybrid Hyolla 401, has been notified for commercial cultivation.  

1. CMS System  

 The first commercial CMS B. napus hybrid, Hyola 40, was registered in 1989. This was 

quickly followed by the very popular hybrid Hyola 401 in 1991.A hybrid of B. napus based on 

tour CMS (PGSH-51) has been released in India and given 18% more yield than check 

(Downey and Chopra 1996). 

2. PGS System  

 A novel hybridization system was developed by Plant Genetic Systems in Belgium through 

biotechnology. This system involves the use of two parental lines. The first parental line is 

male sterile and does not produce viable pollen grains and cannot self-pollinate. A gene 

isolated from a common soil bacterium and inserted into the parental line causes this 

nuclear male sterility. The gene controls production of a specific enzyme in a specific anther 

cell layer and at a specific stage of anther development resulting in no pollen production. 

The second parental line contains another gene, obtained from the same common soil 

bacterium that produces an inhibitor enzyme that counteracts the sterility enzyme in the 

first parental line thus restoring fertility. A gene that confers tolerance to the herbicide 

glufosinate ammonium was inserted into both parental lines. When the two lines are 

crossed the progeny is a 100% true hybrid. And since fertility is restored, the hybrid plants 

are fully fertile and produce seed. The first herbicide-tolerant hybrids "3850 and 3880" were 

registered in 1996.  
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3. Synthetics  

 The first B. rapa synthetic varieties, Hysyn 100 and Hysyn 110, were registered in 1994. The 

first synthetic B. napus variety was registered in Canada was Synbrid 220 in 1997.  

BIOTECHNOLOGICAL APPLICATIONS  

 Brassica oilseed crop has been proven to be one of the few commercially important crop 

plants to respond to all the biotechnologies. The incompatibility between mitochondrial and 

nuclear genomes have been overcome by generating mitochondrial recombination through 

protoplast fusion (Kirti et al. 1995). Diversification of cytoplasmic male sterility systems has 

been accomplished through somatic hybridization (Gaikwad et al. 1996). The molecular 

basis of CMS has been studied by analysing mitochondrial DNA modification (Mohapatra et 

al. 1998, Rao et al. 1998). The genetic diversity of parental lines and hybrids has been 

characterized by using isozyme markers (Pandey and Singh 1999). Embryo culture and 

protoplast fusion for developing alloplasmic lines is being used (Sarmah and Sarla 1998). 

Transgenic based on barnase and barstar system is being evaluated (Ghosh 1998). Male 

sterility is needed for the production of F1 hybrid seed. Genetic male sterility was created 

through genetic engineering of anther specific gene, Bcp1.   

FUTURE PROSPECTS  

 Hybrid brassica breeding should provide farmers with an opportunity to improve 

productivity, particularly in potential high-yield areas and where conventional breeding has 

apparently reached a yield plateau (Dhillon et al. 1996). The CMS system has been found to 

be the most effective and practical for developing brassica hybrids, several CMS sources 

have been identified but only a few of them have been deployed to develop commercial 

brassica hybrids (Banga 1992). Three new CMS-fertility restoration systems which are now 

at final stages of development, appear to be very promising for B. juncea. As hybrids 

technology has been perfected in B. napus, current emphasis is on developing canola quality 

hybrids in this crop. Technology to develop GMS/SI based hybrids in yellow sarson and toria 

has good prospects in year to come.  

 Per-se performance, genetic diversity and the combining ability of parental lines are 

generally used to predict heterosis. However, with availability of molecular marker 

technologies in brassica, it is easier to determine genetic diversity among perspective 

parental lines and tag heterotic gene blocks with molecular markers and subsequently 

transfer these in selected parental lines to improve their combining ability.  
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 Identification of new CMS system and transfer of an available CMS system into genetic 

background of maintainer lines involves five or six back crossing to develop stable CMS lines. 

This is long and cumbersome process. The success in protoplast culture in brassica makes it 

possible to produce cybrids which enable immediate transfer of cytoplasmic male sterility 

into elite brassica cultivars (Mukhopadhyay et al. 1994). This approach should be explored 

widely to develop genetically diverse CMS lines more expeditiously. Improved techniques of 

hybrids seed production should be developed to economize seed production cost (Anand et 

al. 1985, Banga et al. 1995).  

CONCLUSION  

 The use of hybrids brassica is a strategy to lift the yield ceiling of brassica to help the India’s 

meet the future projected demand, which will increase due to increasing populations and 

rising incomes. Though, we have very much succeeded in developing and releasing the first 

commercial hybrid cultivar in B. napus, which has very large acreage and could make much 

of dent on oilseeds production in the country is not yet in sight. So, the work on this area of 

research has to be accelerated. More basic work is needed on the male sterility, fertility 

restoration, heterosis, combining ability and hybrid seed production techniques. The 

adoption of F1 hybrids in brassica will ultimately depend on (1) the magnitude of the yield 

advantage obtained, (2) the cost/benefit ratio of using hybrid versus pure line seed, and (3) 

the efficiency of seed production, certification and distribution agencies available in the 

country. Progress during the next decade will determine how much hybrids in this major 

oilseed crop can help to increase India oilseed production.  
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CHAPTER-12 

EXPLOITATION OF HETEROSIS IN COTTON  

Introduction  

Heterosis is a term used to describe the phenomenon in which the performance of an F1, 

produced by the crossing of two homozygous but genetically different individuals, is 

superior to that of the best parent. The genetic basis of heterosis has been debated for 

more than 80 years and two major hypotheses have been suggested to explain heterosis.  

The dominance hypothesis proposed by Davenport (1908) and Bruce (1910), assumes that 

the contribution of dominant alleles by one parent cancels the deleterious effects of 

recessive alleles contributed by the other parent in the heterozygous F1.  The 

overdominance hypothesis (East 1908; Shull 1908) supposes that the heterozygous 

combination of the alleles at a given locus results in a value superior to the value of either 

homozygote at the locus. Cotton is one of the oldest crops in which heterosis in interspecific 

crosses of Gossypium hirsutum⋅ G. barbadense was observed almost 95 years ago (Cook,, 

1909).  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 production 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.  Inexpensive labour was abundantly 

available in rural areas, and was expertly and ingeniously organized to produce planting 

seed at a reasonable cost.  This carefully coordinated effort revolutionized Indian cotton 

production, and transformed the nation from a net importer to a exporter of cotton. There 

have been difficult problems to overcome in extending the potential benefits of cotton 

hybrids to the more intensive high-input agricultural regions of the world.  In order to 

explore these problems in detail, and to evaluate the prospects for further hybrid 

development, it is necessary to understand the nature of heterosis in cotton and how it can 

be managed, and the difficulties in hybrid seed production technology that are unique to 

cotton.  
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Magnitude and nature of heterosis  

Sheetz and Quisenberry (1986), and Meredith (1990) examined levels of heterosis in 

modern American cultivars and found average F1 superiority to be about 15%.  Srinivasan 

and Gururajan (1982) found 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 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 (Ansari, 1994).  

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.  Dani and Suman (1989) found useful 

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 (Dani, 1984).  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 (Dani 1989).  Moderate heritability (25%) was observed for oil 

content, but higher GCA and SCA effects were found for oil index (Dani, 1989, 1991).  In  G. 
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arboreum intraspecific crosses, Singh and Narayanan (1988) indicate that heterosis for seed 

oil content is governed by non-additive factors.  

 Progress is being made in Texas (Altman et al. 1987) 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.  

Plant Expression of Heterosis  

Role of Genetic Diversity in heterosis  

Cotton, like corn, is a diverse crop of tropical American origin composed of many race 

populations, largely cross-pollinated in its natural habitat.  Studies conducted by Davis 

(1978) revealed  that heterosis levels found in cotton approximate those found in corn, and 

indicate that the highest levels of heterosis are likely to be found in the most distant (i.e., 

interspecies) crosses.  

Marani (1967) made direct comparisons of interspecies and intraspecies hybrids, and found 

heterosis to be much higher in the interspecies hybrids.  There is a high general tendency for 

species hybrids to exhibit strong vegetative growth, and because of this, the breeder needs 

to select parents that produce hybrids having a good balance between vegetative and 

fruiting growth.  Hybrids with excessive vegetative growth respond poorly to fertilization 

and irrigation.  Palomo and Davis (1983, 1984) identified an interspecific hybrid type that 

responded better than the Acala control variety to increasing populations and levels of 

nitrogen.  This hybrid was based on SCA factors for early bloom (Davis 1974) which result in 

an efficient and relatively compact plant type with a good balance between vegetative 

growth and fruiting.  

Charyulu et al. (1984) found evidence suggesting that there is a predominant general 

combining ability component for yield responses in hybrids of G. hirsutum⋅ G. barbadense. 

This  indicates that the heterosis associated with this class of hybrids is an inherent property 

of the species cross per se, and can be expected to occur to some degree in all such crosses.  

Weaver et al. (1984) identified Pima S-5 as a good parent in test crosses to 13 American 

upland varieties.  This entire hybrid series was superior to Pima in yield and 10 of them were 

equal to the upland control, indicating good GCA for this parent.  Over half of these 

interspecific combinations also exhibited significant, positive SCA.  
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Charyulu and Rao (1991) found no differences between reciprocal hybrids  of G.  

hirsutum⋅ G. barbadense. However, interspecific hybrids ranked above intraspecific upland 

hybrids or intraspecific barbadense hybrids.  Krishnamurthy and Henry (1979) also found 

high-level heterosis in interspecific scrosses of G. hirsutum⋅ G.barabdense, with about 10% 

of the crosses showing significant SCA for yield. The association of heterosis  with genetic 

diversity holds for intraspecific hybrids of upland cotton.  Since the highest levels of 

heterosis are associated with crosses of upland lines of widely separate origins, such as the 

Indian ⋅ African stocks (Gunaseelan and Krishnaswami, 1986) or Indian ⋅ American (Patel, 

1981).    

Association of Heterosis and Wildness  

 The excessive heterosis for many components of vegetative growth causes species hybrids 

to appear “wild” when compared to modern commercial varieties.  Loden and Richmond 

(1951) summarized data from several investigators, listing the various manifestations of 

interspecific hybrid vigor.  Problematic manifestations of heterosis are usually expressions 

of vegetative luxuriance.  When gigantism occurs, it is likely to have negative effects upon 

hybrid performance.  Significant heterosis for internode length, and increased size of organs 

such as leaves and bracts, can result in a large inefficient plant type useless for commercial 

purposes.  Abnormal pollen is another consequence of the wide genetic difference between 

the two genome components of interspecies hybrids.  Pollen produced on interspecific 

hybrids exhibits certain types of deficiencies that make it less effective in fertilization 

(Charyulu and Rao 1991).  The pollen abnormalities contribute to the excessively high mote 

counts found in species hybrids (Percy 1986; Charyulu and Rao 1989).  The mote problem is 

one of the major limitations to the expanded use of interspecific cotton hybrids.  Charyulu 

et al. (1984) tested 32 interspecific hybrid combinations for mote index and pollen sterility 

and found that variation for both these two characters was under additive genetic control, 

and concluded that selection for improvement in these properties is possible.  Two of the 

four G. hirsutum female parents and four of the eight G. barbadense parents had favourable 

GCA response for higher fertility and fewer motes.  

 Weaver et al. (1984), in a series of Pima ⋅ upland test crosses, found that fibre diameter was 

lower than the low parent (Pima) in nine of the crosses and maturity also tended to be low.  

Long, fine, strong fibers of lower maturity are typical of interspecific hybrids (Davis, 1978).  

Simultaneous improvement in these two properties may be difficult to achieve.    
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 The first task is to identify the components of heterosis with specific chromosomes or 

blocks of genes, and associate them with markers that can be used to track them in 

segregating populations.  Equally important is the identification and subsequent elimination 

of gene blocks with significant deleterious heterotic effects such as excess motes or 

immature fibre.  This will help in synthesis of diverse and heterotic gene pools.  

Intraspecific G.hirsutum Heterosis  

 Jones and Loden (1951) were the first to report that the cotton seed yields from nine F1s of 

intra hirsutum origin ranged from 0.8 to 47.0% higher than the best parent.  It has been 

observed that the high yielding cultivars tend to produce the highest-yielding hybrids 

(Thomson and Luckett, 1988).  The choice of parents for hybrid production should be based 

on per se performance of the cultivars in the area of interest, the genetic divergence, and 

general combining ability effects.  Such parents could then be intercrossed and their hybrids 

evaluated in the area.  Under such a program one should be able to isolate intraspecific F1 

hybrids with useful heterosis at both yield and quality properties (Thomson, 1971;  Meredith 

and Bridge, 1972; Galanopoulou – Sendouca, 1987).  The greatest gain in yield improvement 

should come from exerting selection pressure on the number of bolls per square meter 

(Maner et al. 1971).   It has been found that the genetic control of the fibre properties is 

largely additive, although partial dominance has also been detected for upper half mean 

length (Miller and Marani, 1963; Verhalen and Murray, 1967, 1969; Marani 1968a, A1-Rawi 

and Kohel, 1970). Since fibre properties are inherited in an additive manner, hybridization 

can only partially obscure the deficiencies of a poor parent.  

Intraspecific G.barbadense Heterosis  

 There are a few reports in intraspecific crosses of G.barbadense (Marani 1963, 1967, 1968 

a, b). Heterosis was significant for both seed cotton yield and lint yield (23.3 and 24.2%, 

respectively) and it was mainly associated with an increase in the number of bolls produced. 

Heterosis for boll weight and number of seeds per boll was significant, but there was a 

significant heterosis for lint index and seed index (2.9 and 1.2 respectively).  A significant 

relative heterosis was also detected for fibre length (4%), while the fibre strength was closer 

to the value of the parent with the strongest fibre, but not significantly so.  Finally, the 

micronaire value of the F1 hybrids was reported to be intermediate between the parental 

values with a slight tendency toward coarseness.  

 



 

Ph ton eBooks                                                                                                                                                  124 

 

Interspecific G.hirsutum ⋅ G.barbadense Heterosis  

 Striking hybrid vigour in interspecific crosses of G. hirsutum⋅ G .barbadense was recorded 

almost 90 years  ago by Cook (1909).  In G. hirsutum⋅ G. barbadense hybrids the primary 

component of heterosis is the number of bolls produced per unit area.  The fibre of the 

interspecific hybrids was very long, fine and strong.  Hybrid fibre was generally similar to        

G. barbadense fibre, except for micronaire values usually were lower than those of both 

parents.  Thus, significant relative heterosis was found for both fibre length and fibre 

strength.  Relative heterosis for micronarie values, however, was negative.  

 Davis (1978) reviewed the pest resistance potential of the interspecific hybrids, and 

indicated that there is a good prospect for exploiting pest resistance as compared to 

G.hirsutum cultivars.  Galanopoulou – Sendouca (1987) and Galanopoulou – Sendouca and 

Roupakias (1995) reported that the interspecific hybrids exhibited good resistance to 

Verticillium wilt.  

 Beyond the above agronomic characters, the interspecific hybrids exhibited the best parent 

heterosis for callogenesis in in vitro culture of anthers.  In conclusion, heterosis in the 

interspecific hybrids seems to be a more general phenomenon, and may help to overcome 

difficulties related with the in vitro response of cotton cultivars.  

Hybrid seed production in cotton Popular cotton hybrids with their characteristics and 

area of adoption (Lather et al., 1999)  

Hybrid  Parentage  Year of 

release 

GOT  

(%)  

Yield 

potential 

(Q/ha)  

Spinning 

potential  

(counts)  

Area of 

adoption  

Intra-specific       

Hybrid 4  (G.67⋅ Am.nectariless)  1970  34  35  50s  G, M, MP,  

N, AP, SR  

JKHY 1  (Khandwa20⋅ Reba B50)  1976  34  30  44s  MP, AP  

Hybrid 6  (G.Cot. 100⋅ G.Cot. 10)  1980  34  35  60s  G, AP  

AHH 468  (AK 32 ⋅ DHY 286-1)  1981  36  25 (12)  M  M  

NHH 44  (BN 1 ⋅ AC 738)  1983  35  25  49s  M, AP  

G.Cot.Hy.8  (G.Cot.10⋅ Surat Dwarf)  1988  35  28  40s  G  
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Savitha  (T 7 ⋅ M 12)  1987  34  30  60s  TN, AP  

MECH 4  (C 601 ⋅ C 219)  1990  35  30  40s  M, G, SR  

CICR-HH-1  (BN ⋅ CP 15/2)  1991  35  30 (12)  36s  M  

Inter-specific (hirsutum ⋅ barbadense)      

Varala⋅ mi  (Laxmi ⋅ SB 289 E)  1972  35  30  80s  K  

DCH 32  (DS 28 ⋅ SB 425 YF)  1981  36  35  80s  K, AP  

HB 224  (LRA 5166 ⋅ PI)  1988  35  34  80s  TN, AP, K  

Hybrid  Parentage  Year of 

release 

GOT  

(%)  

Yield 

potential 

(Q/ha)  

Spinning 

potential  

(counts)  

Area of 

adoption  

TCHB 213  (TCH 1218⋅ 7 CB 209)  1989  35  34  80s  TN  

Interspecific (herbaceum ⋅ arboreum)      

G.Cot.DH 7  (Sujay ⋅ G 27)  1985  37  (15)  20s  G  

G.Cot.DH 9  (4011 ⋅ 824)  1988  34  (15)  40-50s  G  

MDCH 201  (HRB 614 ⋅ ARB 405)  1993    20s  G, M, MP  

G = Gujarat, M = Maharashtra,  MP = Madhya Pradesh, NAP = North Andhra Pradesh, SR = 

South Rajasthan, K = Karnataka, TN = Tamil Nadu  

 

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=ZG. harknessii and its 

fertility restorer dominant ‘F’ (Meyer, 1973) 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 (Weaver and 

Weaver, 1977; Wang et al., 1996). One RAPD marker linked with this fertility  restoring gene 

has been identified (Guo et al., 1998).  
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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 fourlines 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.  

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   

 

Practical achievements  

Research efforts for development of cotton hybrids in India were made from 1930 onwards.  

However, the first successful hybrid could be released in 1970 under the name hybrid 4 or H 

4.  This hybrid was developed by Dr.C.T.Patel from Main Cotton Research Farm, Surat of 

Gujarat Agricultural University.  For his outstanding contribution in the field of hybrid 

cotton, Dr.C.T. Patel is rightly called as the father of hybrid cotton.  In 1972, another hybrid 

named as Varalaxmi, between G.hirsutum and G.barbadense, was released for commercial 

cultivation which also became the world record.  Hybrid Varalaxmi was released by Dr.B.H. 

Katarki from Cotton Research Station, Dharwad.  
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A very few hybrids have been developed through the use of male sterility.  In cotton, both 

genic and cytoplasmic genic male sterility systems are available.  The first cotton hybrid 

using genic male sterility (Gregg male sterile source) was released in 1978 for commercial 

cultivation.  This is again a world record.  This hybrid was released from Central Institute for 

Cotton Research, Regional Station, and Coimbatore under the name Suguna.  Later on two 

hybrids using cytoplasmic genic male sterility were released.  One hybrid was released by 

Mahyco Seed Company under the name MECH 4 in 1990 and another by Punjabrao Krishi 

Vidyapeeth, Akola in 1993 under the name PKVHy 3.  

Several hybrids have been released for commercial cultivation in tetraploid species.  

However, ver few hybrids have been released at diploid level.  The first diploid hybrid 

named as DH 7 was released from main Cotton Research Station, Surat belonging to Gujarat 

Agricultural University.  This is again a pioneer work.  Lateron another diploid hybrid known 

as DH 9 was released in 1988 from the Surat Centre.  One diploid hybrid known as DDH 2 

was released in 1992 from Cotton Research Station of University of Agricultural Sciences, 

Dharwad.  Diploid hybrids could not become popular among the farmers due to difficulty in  

their seed production.  

Future Thrust  

- 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.    

- Desi cotton hybrids with medium and superior medium staple for the rainfed cotton 

areas with high yield potential in central and southern India.  

- Developing suitable short season intra hirsutum hybrids with compact plant type and 

early maturity for the rice fallow tracts and new irrigation projects.  

- 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.  

- Development of plant type suitable for mechanical picking.  

- 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.  
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                                  Table: Area under cultivated species and hybrids  

 

Species / Hybrids  Per cent 

area  

I. Species    

Gossypium hirsutum  36.8  

G. barbadense  0.2  

G. arboretum 16.0  

G.herbaceum 8.0  

II. Hybrids   

G.hirsutum x G.hirsutum 35.0  

G.hirsutum x G.barbadense  4.6  

G.arboreum x G.herbaceum 0.4  

                                    

                           Table. Area under hybrids in different states  

 

States  Hybrids cultivated  Per cent area 

covered  

Punjab, Haryana, Rajasthan  H x H  Below 1%  

Madhya Pradesh  H x H  42  

Maharashtra  H x H, H x B,  H x A  50  

Gujarat  H x H, H x A  50  

Andhra Pradesh  H x H, H x B  65  

Karnataka  H x H, H x B, H x A  70  

Tamil Nadu  H x H, H x B  15  

All India   40  

The abbreviations designated for hybrids are as under:  

H x H = Intra – hirsutum hybrids (G.hirsutum x G.hirsutum) 

H x B = Inter – specific tetraploid hybrids (G.hirsutum x G.barbadense) 

H x A = Inter-specific diploid hybrids (G.herbaceum x G.arboreum) 
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CHAPTER-13 

EXPLOITATION OF HETEROSIS IN FORAGE CROPS  

INTRODUCTION  

Though India occupies only about 2.5 percent of the geographical area of the world, it has 

nearly 20 percent of the world’s livestock population.  The productivity of the livestock in 

respect of milk, meat and wool production is very low compared to the developed countries 

and this has considerably reduced the per capita availability of these produce, consequently 

affecting the health and well being of our younger generation.  To meet the challenge of the 

demand from a growing human population, efforts have been made over the past two or 

three decades, to upgrade the genetic potential of our livestock by importing exotic breeds 

of cattle and use of artificial insemination with the local breeds.  Consequently the milk 

production has increased and at present India is one of the topmost countries in total milk 

production.  However, still the productivity is low. Another way to increase milk and meat 

production is taking care of the nutritive aspects of the animals.  

The present green and dry fodder production in the country is sufficient only to meet 

50 percent and 75 percent respectively of the requirements.  Unless concentrated efforts 

are not made sufficiently early, our livestock will suffer nutritive short fall and milk and meat 

production will go down.  One way to sustain or even upgrade the rural economy of the 

country is to increase milk and meat production of our livestock through their genetic 

upgradation and provision of high protein nutritive green fodder.  

Cereal fodder crops for irrigated condition  

1.Fodder Cholam : Co-11, Co-27,  

 (Sorghum bicolor) PC-6, PC-9, PC-23 (multicut),  

  SSG-59-3 (Meethi Sudan – multicut)  

 X-988 – multicut  

 MFSH-3 – multicut  

 MP chari-North India –single cut  

2.Fodder Maize : African Tall  

(Zea mays) Vijay composite, Manjri composite  

 Moti composite  
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Jawahar  

3. Fodder Cumbu : Co-8 Entire country  

 (Pannisetum glacum) Giant Bajra (Single cut in Maharatra  

syn. P. americanum) and Central India and Multicut in rest of  

 India) UUJ-IV-M-Entire country  

 

 

Rajko-Gujarat and Rajasthan  

4. Teosinte : Improved Teosinte (North, North west   

 (Zea Mexicana and Central India)  

 syn. Euchlaena mexicana) 

 

Cereal fodder for rainfed condition  

 

TL-1 (Punjab)  

1. Fodder Cholam     : June –July: Co-11, Co-27  

 Sept. - Oct. : K-7, K-10, Co-27  

 SSG-59-3, M.P. Chari, HD-2,  

 

 

PC-6, HC-136 for Central and North India  

2. Fodder Cumbu     : Co-8, Giant Bajra, Rajko  

3. Ragi (Eleucine coracana) : Co-11, Indaf varieties of karnataka  

 (Indaf 8) : PR.202  

4. Tenai  (Setaria italica) : Co-1  

5. Kudiraivali (Echinochloa colona) : Co-1  

6. Panivaragu (Panicum miliaceum) : Co-1  

7. Samai (P. miliare) : Co-1  

8. Maize (Zea mays)     : VL 71, Kisen composite, African Tall  

9. Paddy and wheat straw     

 

For hilly/temperate zone  

1. Oats (Avina sativa) : Kent, OS-6, OS-7, OL-9 and 125  

2. Rye (Secale cereale) : H+JHO-822, UPO-94 and 212  

3. Barley (Hordeum vulgare) 

 

: DL-36, DL-157, DL-417, DL-454 and   

 Azad  

Grasses for irrigated conditions    Improved varieties  
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1. Bajra Napier Hybrids    : Pusa giant, BN 2, NB 21, IGFRI 3,   

 Pennisetum glaucum x pennisetum IGFRI 6, 7, 10, Co-1, Co-2, Co-3, KKM-1  

 Purpureum      BN-2, AP-6.  

2. Guinea grass     : Hamil, Makhuni, Riversdale, Trichoglume,  

Panicum maximum  PGG-13, PGG 14, Co-1, Co-2  

3. Para grass      : Watergrass, Signal grass, congosignal  

Brachiaria sp 

 

 Molasses grass.  

Grasses for rainfed conditions    Improved varieties  

1. Cenchrus sp    : Anjan grass, IGFRI 3108, 3132, 3133  

 C. ciliaris  Molopo, Pusa giant, Gyandar,  

  CAZRI 357, 358, 303  

 C. setigerus  Pusa yellow Anjan, S-175, 298, 412   

 C. glaucus      Co-1  

2. Blue panic      : (Australian drought resistant grass)  

 Panicum antidotale  CVS 29, S-355, 340  

3. Marvel grass (Dicanthium  : S-32, 65, 123, IGFRI, 495-1, IGFRI 495-3,   

annulatum)  495-5  

4. Rhodes grass (Chloris gayana)  : CV pioneer, Cottombora, Elgopocet, Joint   

reeds, Callide 

5.  Sewan grass (Elyonurus)  : CAZRI 318, 319,565  

6.  Thin  Napier (P. polystachyon)  : IGFRI 15  

 

7. Spear grass (Heteropogon contortus) 

8. Isilema laxum  

9. Chrysopogon sp  

10. Sehima nervosum 

11. Deenanath      : IS-3, IGFRI 43-1, 3808, 4-2-1  

 Pennisetum pedicillatum   

 Pennisetum arispecific 

Fodder Legumes – Irrigated condition 1.Perennial fodder  
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 Medicago sativa  -  Lucerne Co-1 

 Desmathus virgatus-  Desmathus   

2.Annual fodder  

 Vigna unguiculata -  Cowpea Co-5  

 Lab lab niger  -  Beans/Field beans  

 Cyamopsis psoraloides  Cluster beans   

 

 Glysine max  -  Soyabeans   

 

Fodder Legumes - Rainfed condition  

1.Perennial  fodder  

 

 Desmathus virgatus    -  Desmathes   

 Stylosanthus scabra    -  Stylo  

Desmodium tortuosum and D. unsineatum-  Desmodium 

 Macroptilium antropurpureum   -  Siratro 

 Clitoria ternatea     -  Clitoria   

 Vigna umbellata     -  Rice bean  

 Phaseolus aconitifolius    -  Moth bean   

 Mucuna pruriens     -  Velvet bean   
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 Mode of reproduction of tropical pasture grasses (After Humphreys, 1975)  

 

Genus  Species  System  

Sorghum  

 

almum  Cross-pollinated  

Panicum  maximum   

virgatum  

 

Obligate  

Apomictic  

Limited  

Sexuality  

Pennisetum  

 

purpureum  

typhoides  

 

Cross-pollinating  

Cross-pollinating  

Cenchrus  

 

ciliaris  

setigerus  

 

Obligate  

Apomictic  

 

Brachiaria  brizantha 

decumbens 

mutica 

rezizensis  

Apomictic  

Obligate  

Apomictic  

Apomictic  

Dichanthium  aristatum  Facultative 

Apomictic  

Breeding cross pollinated forage crops  

Many of the forage crops, especially the rainfed grasses are cross pollinated by wind in 

nature and are largely self incompatible.  The small floral structure also precludes 

emasculation.  Hence most of these crops are improved by population improvement to 

maximize utilization of additive genetic variance.  A recurrent selection procedure is used to 

concentrate genes for desirable attributes.  Selected plants or clones are crossed in all 

possible combinations and the resulting hybrid plants are composited and increased in  

isolation to establish a bulk population from which a new selection cycle can be started.  

Synthetic varieties for forage crops may be developed by combining either strains or 

individual plants into a composite strain.  The original strains entering into a synthetic are 

maintained separately so that the variety may be reconstituted at any time.  To develop  a 

multi clone synthetic variety the steps involved are: a) Several thousand plants are 

assembled from many sources and superior plants with desirable characters are fixed, b) 

200-4 superior plants are established as clone lines, c) 25-40 best clones are grown 

separately in a poly cross nursery and random cross pollination between clones are 

permitted.  Seed is harvested and bulked by clones. d) Seed from the poly cross is sown and 

clones are evaluated on the basis of poly cross performance test, e) On the basis of progeny 
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performance, 4-10 of the original clones are selected and the remnant seed from these are 

sown and random interpollinated permitted, f) Equal quantity of seed are harvested from 

each clone and bulked to grow Syn-1 generation.  Open pollinated seed is harvested to grow 

Syn-2 and succeeding generations of new variety.  

Polycross test is a method whereby clonal lines in an isolated group are inter pollinated and 

the out cross progenies of each clone are tested.  The purpose of poly cross is to randomly 

intermate selected plants to produce progenies for next cycle of selection and to begin the 

seed increase process for evaluation and possibly subsequent release.  It is open pollination 

of a group of genotypes in isolation in such a way as to promote random mating inter se. A 

single cycle of random mating of selected plants in a poly cross nursery can fix the gene 

frequencies and thus fix genetic gains that have been achieved by selection.  

Use of apomixis in fixing heterosis  

Many of the grass species like Cenchrus, Panicum, Pennisetum, Brachiaria, etc have both 

sexual as well as apomietic seed development.  This feature can be taken advantage of by 

the breeders. What is needed is to identify the gene for apomixis and transfer  it to the 

desired hybrid.  Lot of biotechnological work is involved in this process and work is going on 

at leading laboratories of the world to locate, and transfer the gene to exclusive hybrids so 

that the hybrid vigour can be fixed permanently and this will drastically reduce the cost of 

seed production of many of the grass hybrids and it will be a boon to the dryland farmer. 

Quality Evaluation of Forage Crops  

 Chemical and structural compounds Palatability 

Digestibility Nutrient balance 

Digested end products  Rate of passage  

 Availability  

 

Nutritive value Intake  

Forage Quality  

Varietal improvement and grass breeding  

 The objectives of grass breeding are: (a) high herbage production. (b) high seed yields, (c) 

better quality as an animal feed, (d) good seedling  vigour, (e) ease of establishment and (f) 

resistance to diseases and parasites.  One of the main obstacles for obtaining high seed 

yields in grasses is the prolonged emergence and development of flowers and thus, 

breeding for obtaining a well expressed peak of flowering is important.  The other aspects of 
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breeding for seed are: (a) increasing the size of flowering heads, (b) increasing the number 

of flowering shoots and plants, (c) greater retention of seeds and (d) spikelets in the 

inflorescence.  

The technique of cross-fertilised tropical grasses consists of: (a) single plant mass selection; 

(b) testing their combing ability that is the  ability to transfer their valuable characters for 

which they had been selected to the progenies and producing the pedigree or breeder seed 

from a mixture of plants with good combining ability; (c) crossing plants with different 

useful characters in order to combine them with the same plants and this includes 

interspecific crosses between elephant grass and pearl millet, maize and teosinte, various 

types of sorghum, between Zea perennis and Zea mays (multiple ear and tiller) which have 

proved to be successful;  (d) inbreeding of apomictic grasses of which a number of 

introductions are compared (the best ones are selected and their seeds can be immediately 

bulked for varietal trials) and finding out sexual plants (usually diploid plants) and treating 

them as cross-pollinating species or selecting the best plants and by doubling their 

chromosome numbers trying to revert the plants to apomixis thus fixing their superior 

qualities and (e) mutation breeding through chemical and physical mutagenic agents.   

Leguminous Forage Crops  

Crops belonging to Leguminosae family, are another important group of plants comparable 

to the grasses in their significance for agriculture for fodder production, animal and human 

nutrition. There  are three sub-groups of leguminosae, namely 

Mimosaceae,Caesaokubuaceae and Papilionaceae. Only two species of Mimosaceae are of 

great importance as fodder crop which are Leucaena leueocephala and Desmanthus 

virgatus. A few species of Acacia are browse plants of importance in their natural 

environment.  A few species of  Caesalpiniaceae similarly are used as tree fodder and are 

woody plants.  Species belonging to the sub-family Papilionaceae are widely grown as 

pasture or fodder crops.  These include 200 genera and 12,000 species.  

Vegetative growth, regrowth and herbage productivity of forage legumes  

 Forage legumes include small and large herbaceous plants, viny indeterminate species and 

large woody species.  The description here is restricted to herbaceous short growing forage 

plants like cowpea, rice bean, lucerne, Stylosanthes, Centrosema, etc.  According to the 

pattern of growth the forage legumes can be classified as summer growing annual legumes 

(cowpea, rice bean, etc.), winter growing annual legumes (berseem (Trifolium), white clover 
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(Melilotus), peas, etc., winter growing perennial legumes like lucerne (of course in the 

tropics this crop behaves like an annual because it dies under heavy rains and sever weed 

competition), and summer growing perennial legumes like Stylosanthes, Centrosema, etc.  

Types of vegetative growth  

 Four types can be distinguished: (i) berseem/lucerne/Stylosanthes type.  (ii) 

Siratro/Pueraria/Centro types which spread from runners and roots at the nodes, (iii) White 

clover Rhizomatus type and (iv) annual grain legume (Cowpea) determinate or 

indeterminate types having poor regeneration capacity.  

Berseem/lucerne/Stylosanthes type  

 The plant possesses a well-known crown and does not spread. When the plant dies it leaves 

an empty space and although the surrounding plants can compensate for this by increased 

aerial growth, there is a limit to this process and the stand eventually thins out.  When these 

crops are cut regrowth occurs from the crown, from new buds or from buds which have 

already begun to elongate.  They have a well-developed tap root system which may 

penetrate the soil to great depth.  The root serves also as a storage organ into which the 

reserves accumulate.  Cutting must therefore be so timed so as to allow a build up of 

reserve carbohydrates before the onset of an unfavourable season.  

White clover type  

 This is a typically temperate clover found at high altitudes.  The growth of the primary stem 

is short and limited.  The lower axillary buds on this stem develop into stolons.   

These spread radially over the soil surface.  Adventitious roots are produced at the nodes to 

enable the new shoots to become independent units.  

Cowpea type  

 A herbaceous annual with twining stems varying in erectness and bushiness.  It does not 

spread in unprepared land and does not compete with perennial grasses because of their 

annual habit.  Regeneration capacity is poor.  Four to six buds, if left after defoliation, can 

regrow to some extent.  

Lucerne more or less behaves similar to berseem another winter growing herbage crop, 

with crowns at ground level to restore frequent cutting.  The only difference is that with the 

rise in temperature and rains, berseem plants die out in May in the Gangetic plains.  Lucerne 

provides greater number of cuttings than berseem and so the productivity (dry matter basis) 

is more in lucerne than in berseem.  
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The regrowth of lucerne or alfalfa, as reported by many workers, increases yield and quality 

of forage (Lanyon and Smith, 1985).  It increases plant height, leaf size, leaf weight, stomata 

number and their apertures, net photosynthesis and efficiency of CO-2 assimilation.  

Potassium also increases winter hardiness.  K improves the level of carbohydrates stored in 

alfalfa roots, which partially accounts for better growth or better persistency.  In humid 

subtropics of India, lucerne does not persist well.  Plant populations decrease consistently 

during the summer up to zero from August to October, depending on drainage of water 

from the lucerne fields.  Root weights decrease drastically from 24 weeks after sowing in the 

end of November (Bondale et al., 1982) to 38 weeks.  

Bajra – Napier Hybrids  

Among all the fodder crops, the bajra-napier hybrid grass has the highest green fodder yield 

potential of 400-500 t/ha/year.  Bajra (Pennisetum glaucum) is a diploid with 2n : 14 and it 

crosses easily with napier grass or Elephant grass (P. purpureum) 2n:28.  Both direct and 

reciprocal crosses are possible.  The hybrid between the two is a triploid 2n:21 and is 

completely sterile.  Hence the hybrid has to be only vegetatively propagated by stem 

cuttings or root slips.  

Depending upon the parents of either species used, the hybrid vigour is expressed for 

almost all characters of the plant like plant height, no. of leaves, leaf length, leaf width, 

juiciness, duration of flowering etc.  The quality parameters like crude protein, crude fibre, 

ether extract, mineral content etc are mostly intermediate between the parents.  

 The bajra parental lines should be selected on the basis of their tillering capacity, flowering  

duration, leaf-stem ratio, oxalate content, juice content, softness of leaves, hairiness etc.  

There is a wealth of variability in bajra germplasm and this makes the task of selecting 

parental lines easy.  Both male fertile and male sterile parents can be used for the 

hybridisation programme.  However, when male fertile lines are used as female parents, the 

protogynous nature of the crop is taken advantage of.  However, due to selfing some selfed 

lines will also be spotted in the F1 lines.  These selfed lines can be easily differentiated from 

the true hybrids and can be eliminated.  When male sterile bajra lines are used as female 

parents, all the hybrid seed collected will be true hybrids.  
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In Napier grass, TNAU has assembled a germplasm of 55 different lines.  In these lines there 

is variability with regard to plant height, thickness of stem, roughness of leaves, tillering 

capacity, length and width of leaves, photosensitiveness, oxalate content etc.  

The hybrids either NB or BN are selected based on their tillering capacity, regeneration 

capacity, green fodder yield potential, dry matter content, softness of leaves, amount of 

trichomes present, plant height, flowering duration, photosensitiveness, juice content, brix, 

crude protein and crude fibre content, etc.  Heterosis upto 200 per cent is common for may 

of the yield attribute.  Once a good hybrid is identified, it is further multiplied vegetatively.  

In TNAU, so far three hybrids Co-1, Co-2 and Co-3 have been released for general 

cultivation.  

Cereal fodders  

 Among cereal crops, Maize, Sorghum and Bajra are commonly used as green fodder.  

The hybrid breeding technology for these crops is similar to those of grain crops.  Availability 

of male sterile lines in all the three crops makes it easy for exploitation of heterosis.  The 

parental lines are selected based on desirable fodder attributes like plant height, no. of 

leaves, leaf length and breadth, softness, leaf-stem ratio, besides green fodder yield per se.  

The wealth of variability within the germplasm of these crops makes it easy for selection of 

parental lines.  In cross pollinated cereals like maize and bajra, inbred lines have to be 

developed first and then combined as hybrids, synthetics or composites for exploitation of 

heterosis for fodder yield and quality.  Once the best hybrids are spotted, they have to be 

produced afresh every year and supplied to farmers.  In the Indian context, the cost of 

hybrid seed has to be kept low for the poor farmers who cannot afford to bear the high 

cost.  Since the quantity of seed to be sown for a forage crop is nearly 4 to 5 times more 

than that of grain crop, the cost of hybrid seed assumes greater importance. 

Hence development of synthetics and composites will be more appropriate rather than F1 

hybrids.  While developing hybrids, again the concept of multicut varieties should be given 

more importance rather than single cut varieties.  In the USA, Australia and Korea, bajra and 

sorghums are used as grazing crops which regenerate quickly after the animals graze them 

in the pastures, unlike in India where these two crops are grown more as cut and carry 

system for stall feeding.  Therefore multicut hybrids are desirable.  
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