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PREDICTION OF HETEROSIS

Shull (1914) proposed the term Heterosis. In 1948 a more explicit and precise definition of heterosis was given by him as “ the increased vigour, size, fruitfulness, speed of development, resistant to diseases and pests manifested in cross bred organisms as compared to corresponding inbred, as the specific result of unlikeliness in the constitution of uniting parental gametes”.

 Jones (1918) has given the term – Hybrid vigour and it is manifestation of heterosis. Heterosis and hybrid vigour have a relationship that exists between the mechanism and its product. The performance of the F1 hybrids depends on the choice of parents (inbreds).


The choice of the parental lines which would result in heterotic combinations without necessarily making all possible crosses among the potential parents is foremost important thing in heterosis breeding.  As the number of inbreds increases the number of crosses also increases. Evidently it is not possible to develop and evaluate all possible crosses among large number of inbred lines.  Therefore prediction of the performance of the crosses is essential.


Heterosis is a complicated phenomenon that is influenced by both genotype and environment.  There is no single method that can accurately predict heterosis. However, the following genetical methods are suggested.  These methods are based on the knowledge gained from maize, but it is equally applicable to other crop species.

The prediction of heterosis by different methods has been derived under the following assumptions.

1) Diploid segregation

2) No preferential fertilization

3) Hardy Weinberg Equilibrium 

4) Linkage Equilibrium 

5) Negligible epistasis.

Prediction methods of several cases relative to above are dealt hereunder

1) Prediction of inbred progenies. 


Mather (1949 a,b) First developed prediction method for self fertilized crops.  Mather and Jinks (1971) proposed mathematical formulae equally applicable for inbred progenies of cross fertilized crops as well.  Let the two homozygous lines be P1 and P2 and let F1 be the cross between them.  For any quantitative trait, the mean of the F2 generation can be predicted by




F2 = ¼ (P1 + P2 + 2F1)

In the same way, mean value of other advanced generations may be predicted as follows.


F3 = 1/8 (3P1 + 3P2 + 2 F1)
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Fn = ½ [1- (½) n-1] (P1 + P2) + ( ½ )n-1 F1

Where, nth generation is obtained after n –1 generation of selfing (Mather, 1949).  Like wise, the mean values of the back cross generations can also be predicted as:


BC1 = (½) (P1 + F1)





BC2 = (½) (P2 + F1)

2) Prediction of double cross hybrids:-
Single cross – It is a cross between two inbreds A and B, to produce the hybrid (A x B)

Double cross – Cross between two single cross (A x B) / (C x D).

For ‘n’ inbred lines,

        the possible number of crosses
                Single crosses.                                  n (n-1)/2



                Double crosses                               n (n-1) (n-2) (n-3)/8  or  3 x n!/ 4! (n-4!)






-




The number of double crosses increases very rapidly with an increase in the number of parental lines.  Evidently it is not possible to develop and evaluate all possible double crosses among even a small number of lines.  Therefore, methods were developed to predict the performance of double crosses.  


Jenkins (1934) was the first to propose prediction methods for double cross performance from single cross data.

Jenkin Prediction methods

a) Mean performance of six possible single crosses among any set of 4 inbred lines.

b) Mean performance of 4 non- parental single crosses.

c) Mean performance of 4 inbred lines over a series of single crosses.

d) Mean performance of a set of 4 inbred lines in a series of top crosses.

Of these four methods of prediction, methods (a), (c) and (d) related only to additive gene action while method (b) involves both additive as well as non additive (dominance + epistasis) effects.  Jenkins’s prediction method (b) has been the standard method followed in maize breeding all over the world.  It can be illustrated as follows.


Let the four inbred parents be P1, P2, P3 and P4.  The six all possible single crosses involving these four parents can be designated as:     S1.2, S1.3, S1.4, S2.3, S2.4 and S3.4.

The three possible double crosses may be predicted as:



S1.2 x S3.4: D 12.34 = ¼ (S1.3 + S1.4 + S2.3 + S2.4)



S1.3 x S2.4: D 13.24 = ¼ (S1.2 + S1.4 + S2.3 + S3.4)



S1.4 x S2.3: D 14.23 = ¼ (S1.2 + S1.3 + S2.4 + S3.4)


Jenkins reported that the most accurate estimate for a double cross performance was provided by the mean yield of four non parental single crosses of the double cross, Eberhart et al. (1914)  Eberhart (1964) Cocker ham (1967) Otsuka et al. (1972) and 
stuber et al.(1973). 
          However ,recent evidence suggest that the prediction based on performance of non parental single crosses under estimates the performance of double and three way  crosses and there is some risk of missing good parental hybrids (Banga and Banga (1998)).

3. Prediction of three way crosses

* Three way cross – 
Cross between a single cross (A x B) and an inbred to yield the hybrid population (A x B) x C

The number of three way crosses for ‘n’ inbreds   is   3n (n-1) (n-2)/6


Using the same notations as above for the inbreds and crosses, the three way crosses can be predicted as:



T12.3 = ½ (S1.3 + S2.3)



T13.2 = ½ (S1.2 + S2.3)



T23.1 = ½ (S1.2 + S1.3)


More precise methods of predictions of double and three way cross hybrids have been given by Eberhart (1964).  Designating the four inbred parents as i, j, k and l the formulae for prediction are as follows.

a)
Dsa 
= 1/6 (Sij + Sik + Sil + Sjk + Sjl + Skl)


  ij. kl

b)
D sb
= ¼ (Sik + Sil + Sjl + Sjk )

     ij.kl

c) 
D tij
= ½ (Tij.k + Tij.l)


     ij.kl

d) 
D tkl
= ½ (T + Tkl.j)


   ij.kl
             kl.i    

c)
D t
= ½ (Dtij + D tk.l)


   ij.kl
           ij.kl      ij.kl

The first two methods correspond to Jenkins’ method (a) and (b) given earlier.  The others are based on three-way cross performance.  All these methods are unbiased by additive effects and all but formula (a) also by dominance effects.   In the absence of epistatic effects, all the above formulae can be used to predict double cross performance. 
      When epistatsis other than dominance type is present, the following linear relation is suggested to predict double cross (Eberhart, 1964):


D ts
= 2D t 
 -    D sb
   12.34         12.34     12.34


= ½ (T12.3 + T12.4 + T34.1 + T34.2) – ¼ (S 1.3 + S1.4 + S2.3 + S2.4)

Otsuka et al. (1972) using general and specific combining ability effects estimated from a fixed effects model of diallel analysis developed the following formulae to predict single, double and three way cross performance.


Ŝij = m + ĝl + ĝj + ŝij
            Dij.kl = m + ½ (ĝi + ĝj + ĝk + ĝl) + λ (¼)(ŝik + ŝil + ŝjk + ŝjl)

           Tij.k = m + ½ (ĝi +ĝj) + ĝk + λ (½) (ŝik + ŝjk)

Where,λ varying between 0 and 1 is the weighing coefficient for specific combining ability effects.  When λ = 1, the formula for double cross prediction corresponds to Jenkins’ method (b).

4. Prediction of synthetic varieties.

Synthetics have been defined by Lonnquist (1961) as “open-pollinated 
populations derived from the intercrossing of selfed plants or lines and 
subsequently maintained by routine mass selection procedures from isolated plantings”.  
Wright’s (1922) statement “A random-bred stock derived from n inbred families.



Will have 1/n th less superiority over its inbred ancestry than the first cross of a random 

      

bred stock from which the inbred families might have been derived without selection”, therefore, applies to the synthetic varieties.  
      The formula to predict the performance of synthetics based on this statement, known as Wright’s formula and as cited by Kinman and Sprague (1945) is as follows:





      (Y1 – Y0)




Y2 = Y1 - 






n

Where Y2 = mean of synthetic variety obtained by intercrossing all possible single crosses among a set of n inbred lines, 


 Y1 = average performance of all single crosses among n inbred lines, and


 Y0 = average performance of n parental inbred lines.

5. Prediction of composites


The mean performance of composites represents the expression of inter-varietal heterosis.  To maximize heterosis, parents for the composites are chosen on the basis of a varietal cross diallel in the same way as for hybrid.  Composite means can be predicted from the diallel cross data.  Prediction of composite mean was first suggested by Eberhart et al. (1967) which was somewhat similar to Wright’s formula:




      (Yc – Yv)




Ŷr = Yc - 




  co

n

Where
Ŷr = predicted mean of a quantitative trait for a composite obtained 

  co 
from random mating, 

 
Yc  =  the average of all possible inter-varietal crosses among n parental varieties, 

Yv  =  the mean of n parental varieties.

Yn  =  number of varieties

6. Per-se performance of parents


This method is based on the assumption that, in general high yielding parents produce a larger proportion of high yielding hybrids than to low yielding parents.  This holds true especially with regard to the adaptability of parental lines.  In order to develop heterotic hybrids it is essential that their parents should be adapted to the prevailing conditions for which hybrids are being developed.


Some morphological characters are good indicators of heterosis.  In corn, Anderson and Borwon (1952) reported that inbreds selected on the basis of characters associated with typical dent and flint types resulted in heterotic hybrids.  Success of utilising such a method, however, depends on choosing a number of morphological, easily scorable attributes which contribute to the genetic divergence.

7. Combining Ability of parents


Though perse performance of parents gives some indications regarding their usefulness in predicting heterosis of the crosses derived from them, results are not consistent.


Combining ability analysis offers a powerful tool for knowing the ability of any inbred to produce superior hybrids in combination with other inbreds.  In the early days of hybrid maize breeding tests for combining ability were conducted in a direct manner – that is by crossing individual inbreds with as many other inbreds as possible (Allard 1960).  However this system of testing broke down when a substantial number of lines become available for testing.  Several methods viz., inbred x variety top cross (Sprague 1939), diallel cross (Griffing 1956 a,b) and line x tester cross (Kempthorne 1957) have been used to estimate general combing ability of parental lines.  Estimation of general combining ability effects helps in selecting parental lines with high, average and low combining ability.  Generally speaking choice of parental lines with high general combining ability effects increase the probability of getting heterotic hybrids in crop plants.  However, experience in rice has indicated that heterotic hybrids can be obtained by crossing parents with high x low and high x high gca effects (Ranganathan et al.  1973; Smgh and Nanda 1976; Maurya and Singh 1977 ; Rao et al.  1980; Rahman et al.  1981).  Studies conducted at IRRI indicated that crosses showing high sca and heterosis were more frequently obtained when atleast one of the parents had high gca effects and the other parents had low, average or high gca effects.  Interestingly, some heterotic combinations showing high sca effects were also obtained in which both parents had low gca effects; thus indicating that prediction of heterosis on the basis of general combining ability may not always be accurate.

8. Genetic Diversity Among parents


To get the heterotic hybrids there should be adequate genetic diversity between the parents, even though they are high yielding.  Genetic basis of heterosis lies primarily in the inter-alleic and / or intra – allelic genetic difference among the parents.  Genetically diverse parents, within a limit, are more likely to give heterotic hybrids than those genetically related.  With this precise presence or absence of heterosis in a set of crosses can be predicted on the basis of magnitude of genetic diversity among the prospective parents.  Genetic diversity can be estimated by the following procedures.

a) Geographic origin.

b) Multivariate analysis using Mahalonobis D2 statistics.

c) Isozyme and RFLP Polymorphism.

a) Geographic origin

The geographical variation due to geographical origin can be related to ecological and environmental variations.  The ecological and environmental conditions in a habitat dictate survival, fitness and adaptation of the genotypes created by spontaneous and induced genetic variations both under natural and directed selection situations consequently difference in habitat result in genetic difference among the genotypes selected and retained.  The parental lines derived from different geographic origin are likely to have more genetic diversity than those derived from the same geographic origin.

During the past three decades, however, inter nationalisation of plant breeding efforts and massive exchange of germplasm throughout the world have altered the situation and, therefore differences in geographical origin of the parents, may not always result genetic diversity among them Moll et al.  (1962) Extensive hybridisation practiced in several international and national crop breeding programs around the world has created vast genetic diversity among the lines developed under a given geographical condition and one can expect genetic diversity among the parents from the same geographical origin.  The presence of significant heterosis in crosses from the IRRI bred rice cultivars. (Virmani et al. 1982) and presence of large amount of diversity within IRRI elite lines (Jultiquas et al. 1985) provide testimony to this hypothesis.

b) Multivariate analysis using Mahalanobis D2 statistics


Mahalanobis generalized distance or D2 statistic based on multivariate analysis is a good index of genetic diversity (Mahalanobis 1936).  This method permits one to classify and group a number of lines (prospective parents of the hybrids) into various genetically diverse groups or clusters.  The parental lines belonging to different and distantly located clusters have a higher probability of giving heterotic hybrids than those parental lines belonging to the same cluster or group.


Somaya julu et al.  (1970) and Bhat (1970) interested that D2 statistics was a powerful tool as a method of choosing wheat parental for hybridization, aiming at hybrid improvement.


Moll et al.  (1962, 1965) indicated that in maize, heterosis was increased with increased divergence within a restricted range of divergent but extremely divergent crosses resulted in a decrease in heterosis.

c) Isozyme and RFLP polymorphism


Enzyme activity is a good indication of metabolism.  Change in enzyme performance can be either due to change in the amount of the enzyme or change in enzymatic efficiency, heterosis in vegetative or in yield can be considered as the result of an overall reaction of the plant development.  Which includes several stepwise reactions catalysed by certain enzyme systems.  Any change in enzymes; qualitatively or quantitatively can affect the metabolism process and induce development changes in the plants.  Thus the cause of heterosis at molecular level may be closely related to change in the enzyme system.


Isozymes exhibit a large amount of variation in rice electro phoretically identifiable isozymes have often been utilized for the classification of varieties.  With in Oryza sativa. (Chu (1967)) Shahi et al.  (1969) Pai et al.  (1973) and Fu and Pai (1979) showed the existence of peroxidase alleles specific to the Indica and japonica groups, as defined by Ole (1958)


When more loci are studied, it becomes possible to determine whether alleles among these loci are associated in multilocus complexes, with restricted recombination between multilocus types, which provide a new insight into a species genetic structure (Glaszmann 1987).  Zhu et al. (1982) Glaszmann et al.  (1984), and Glaszmann (1986, 1987) convincingly provided evidence to identify a genetically diverse varietal group in rice on the basis of isozyme polymorphism.


The relation ship between isozyme polymorphism and heterosis was studied in maize by Schwartz and Laughnor (1969).  They reported the occurrence of qualitatively different esterase in developing corn seeds and seedlings.


Isozymes polymorphism in parents and hybrids in relation to heterosis for quantitative traits has been studied by Gupta and Singh (1977), Xiao (1981), Yi et al.  (1984), Deny and Weng (1984), and Peng et al.  (1988).


Although isozyme polymorphism does provide a tool to determine genetic diversity among parents, the utility of such genetic diversity in predicting heterosis is not well established.  The fact that only a small number of Isozyme markers (less than 30) has been identified to show polymorphism in rice may further limit the utility of this technique to predict heterosis in rice.


The amount of detectable polymorphism is greater at DNA level than at the isozyme level.  Therefore, DNA markers such as RFLPs can provide a useful assessment of genetic variation.  This has been demonstrated in number of different crop species.  In rice, phylogenetic studies based on both nuclear RFLP markers (Wang and Tanksley 1988) and restriction enzyme analysis of the chloroplast genomes (Ishi et al.  1986, 1988, Dally and Second 1990) have helped to elucidate the degree of genetic relatedness among a variety of Oryza cultivars and species.


RFLP proved to be a useful determinant of heterotic groups.  Induced, RFLP analysis of single cross maize hybrids revealed a positive relationship between molecular genetic diversity among inbred lines and grain yield of their F1 hybrids (Lu 1989)


Tight linkage between RFLP markers and genes controlling complex characters can however be exploited in physiological studies where rapid construction of isolines (Tanksley et al.  1989) and high resolution mapping efforts (Paterson et al.  1990) provide useful tools for basic studies of phenomenon such as heterosis.

9. Mitochondrial Complementation


The enhanced oxidative phosporylation efficiency of artificially mixed mitochondria of certain inbreds was designated as mitochondrial complementation and was found correlation with seedling heterosis in maize (Daniel and Sarkissian 1966; Sarkission and Srivastava 1967).

10. Recent developments in heterosis predictions


Prediction methods given earlier are all time consuming and necessitate, making of crosses and their evaluation in field trials.  With the establishment of definite role of biochemistry, physiology and molecular biology in the manifestation of heterosis, adoption of laboratory techniques for a quick and precise method of inbred line evaluation for combining ability and heterosis prediction methods are felt by plant breeders.  Lately, biochemists and physiologists have proposed a number of methods:

i) Method of biotest based on selection of line pairs where mixed seed extracts produce the best effect in yield growth (Matskov and Manzyuk, 1961).

ii) Serological method based on comparative electrophoretic analysis of protein extracts from vegetative organs or seeds of heterotic hybrids and their inbred lines (Jumaguzina et al.,1970; Dimitrov et al., 1972).

iii) Evaluation of heterosis based on electrokinetic properties of cell nuclei (Shabkhazov et al., 1973).

iv) Selection of parents according to the shift of male and female plant sexualization using those showing oxidizing and reoxidizing potential of the reproductive organs.  (Berzinya-Berzite and Maurinya, 1973; Maurinya, 1973).

v) Rate of synthesis of DNA, RNA and genomic activity within the first 24 hours in the hybrid used for early prediction of heterosis. (Konarev et al., 1971; Gilyazetdinov 
et al., 1971; Ivleva and Gilyazetdinov, 1971). 

vi) Seedling differences in composition of newly formed RNA and the other nucleotide characters can be used as criterion for parental pair selection for combining ability (Gilyazetdinov et al., 1971).

With the advent of newer technologies on molecular hybridization and their subsequent analysis in laboratory, adoption of molecular genetic method for initial evaluation and early heterosis prediction has opened up new frontiers in heterosis breeding.
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