BIOCHEMICAL-BASIS OF HETEROSIS

Heterosis denoting hybrid vigour has been made wide use by plant breeders and agronomists to enhance  the ability to form new genotypes which may be used directly as F1 hybrids or form the basis for future selection programmes.

There is no biochemical or biological basis of heterosis; still remains unknown.  The biochemical approach that have been attemped to heterosis is mainly based on the basic concept of heterotic expression in traits like growth and grain yield.  These occur as the end results of a series of biochemical reactions, each of which is controlled or catalysed by one or more specific enzymes.  The role of major metabolic enzymes and the systems play key importance in causing heterosis.


Hybrid obtained is superior in biochemical components or gene products such as proteins, carbohydrates and other biomolecules. Biochemical aspects with reference to heterosis could be studied under the broad framework of the basic genetic models of heterosis.  The dominance hypothesis attributes the increased vigor of heterozygosity to dominant alleles and in principle should be fixable by inbreeding.  The overdominance hypothesis assumes that there exist relatively rare loci at which the heterozygote is superior to either homozygote but heterosis due to overdominance or pseudooverdominance and is not fixable by inbreeding.  There are also results providing clear evidence for the role of epistasis  and also indications that additive genetic effects are primarily responsible for the increase of heterosis.

Bottleneck concept of heterosis


The dominance theory takes into account the cumulative effects of the interaction of non-allelic genes.  These dominant genes control certain gene products which in turn affect the expression of heterosis through several metabolic and growth processes.  There are overwhelming evidence from biochemical manifestation of heterosis supporting single locus heterosis. 


A hybrid shows greater stability over changes in environment than the parents which may be explained by the fact that the hybrid is heterozygous for many alleles controlling alternative synthetic pathways which are exploited by the hybrid to tide over different conditions of the environmental changes.

Hybrid Substances

Production of an entirely new product by the heterozygote resulting from overdominance has been commonly found in animals and plants.  Hybrid substances were first postulated by Irwin and Cole (1936) to account for unique antigen components found in the cells of hybrid doves.  However, it is thought that these hybrid substances may not be exclusive evidence of single locus heterosis, since these may also result fron non-allelic gene interactions hybrid substance include proteins, enzymes,  hormones  amino acids and intermediary metabolites. 

Enzyme enrichment  

Spofford (1969) indicated that enzyme system in hybrids was enriched by crossing inbred lines as a consequence of adding the structural genes of the parents coding for different isoenzymes. Complementary interaction of certain essential metabolites leading to balance metabolism in the hybrid has also been cited as a case of heterosis (Hagemanet al., 1967). Such complementary interaction may be presumed to arise from non-allelic interaction of dominant genes, each of which may control a different metabolite.

One example of hybrid substances comes from the studies of lactic dehydrogenase enzymes in animal tissues.  In six day old chicks, all of the enzyme extracted from the breast consist of a form found in the heart tissue of mature birds.  This heart dehydrogenase (HD) in the baby chick is gradually  replaced during development  by a  dehydrogenase characteristic of the liver (LD). At the time the egg hatches, a major fraction of the breast enzyme is LD.  However, when the lactic dehydrogenases are extracted from embryos between six days and hatching they are found to consist of five distinct enzyme fractions.  Two of these fractions are pure HD and LD enzymes while the other three may be considered as hybrid enzymes.  It is proposed that lactic dehydrogenase molecule is separable into four sub-units of two basic types H and D.  Heart lactic dehydrogenase is a natural tetramer of four H units, HHHH.  Similarly LD can be thought to be a tetramer, LLLL.  The molecular hybrid enzymes in developing chick embryos are HLLL, HHLL and HHHL.  Thus, these multiple enzymes are supposed to give the developing embryo an adaptive or buffering capacity similar to that encountered in heterotic hybrids in changing environment.  

The growth simulating factor was found to be present in embryo and endosperm of the germinating grains of  hybrids in maize.  This growth subtances consisted of hypoxanthine fraction and another fraction of amino acids.

Schwartz (1960) presented the first evidence of hybrid enzyme from his study of E1 esterase in maize.  It was found that homologous subunits which comprise multimeric enzymes can be specified by different alleles.  He proposed that hybrid enzyme formation might be a basis for heterosis obseved in heterozygotes.  Single gene heterosis may not belimited to increased specified activity of a hybrid subtance but should include any allelic interaction that lead to the formation of a ‘better’ enzyme.  Heterosis for alcohol dehydrogenase (ADH) in maize provide the best example.  Hybrid enzymes would be more active in mtabolic transformation than he enzyme types of the parental genotypes thus accounting for higher activity of the hybrid plant and the random interaction between messenger RNA molecules specified by the two alleles permitted the synthesis of the hybrid enzyme on the ribosome.  The role of hybrid enzyme in the manifestation of heterosis has been highly debatable.  It has been demonstrated that multiple forms of miochondrial malate dehydrogenase did not show differences in catalytic properties or in amino acid composition.  It may, therefore be argued that molecular hybrid forms of enzymes become important only when it affects a favourable change in rate of substrate conversion with respect to metabolic needs of the organism.   Both quantitative and qualititative parameters are needed to understand the role of hybrid enzyme in heterosis.  

Embryo salt soluble proteins as markers in research on the biological background of heterotic gene expression 

 
Maize hybrid plants expressing heterotic vigor develop from embryos consisting of 2n chromosomes which have not changed by the process of genetic recombination. Parameters derived from hybrid embryo genome expression could provide more information on the relationships between genome expression of parental lines per se and hybrid genome expression as a consequence of inbred line combinations. Salt soluble proteins, fractions of metabolically active albumin and globulin proteins, are good candidates for such studies. A diallel set of five inbred lines, F2, ZPL120, ZPL203, W401 and EP1, excluding reciprocal crosses, has been studied at two locations, in a random block system experiment with 4 replications. Results on the heterotic effect on grain yield and soluble protein content of 10 developed F1 hybrids are presented in Table 1. 

Table 1. Heterotic effect on the grain yield and soluble protein content in the embryo of all developed hybrid combinations, and index of similarity of inbred lines. 

	PRIVATE

	Heterosis (%)
	

	Hybrid combination
	grain yield
	salt soluble proteins 10-3 g/g fresh weight
	index of similarity

	ZPL120 x W401
	139.43**
	8.28
	79.2

	W401 x EP1
	134.30**
	4.14
	83.3

	ZPL120 x EP1
	110.52**
	6.44
	85.7

	F2 x ZPL120
	109.39**
	3.44
	85.2

	ZPL120 x ZPL203
	90.97**
	4.52
	86.3

	ZPL203 x EP1
	90.34**
	0.96
	85.2

	ZPL203 x W401
	88.48**
	3.34
	86.8

	F2 x EP1
	87.36**
	0.65
	87.7

	F2 x W401
	67.22**
	-0.63
	88.5

	F2 x ZPL203
	51.96**
	0.42
	88.0


** significant at the level of 0.01 

In all hybrid combinations significant positive heterosis was obtained for grain yield. Low but positive heterotic effect on the salt soluble protein content in embryo tissue has been obtained in 9 out of 10 hybrids. In order to correlate grain yield heterosis and salt soluble proteins in embryo tissue several hybrid combinations were selected for high resolution polyacrylamide gel electrophoresis (PAGE) of embryo salt soluble proteins: two hybrids expressing high heterosis for grain yield and two hybrids expressing low heterosis for grain yield. In both groups, hybrids have one inbred line as a common parent.  With respect to electrophoregrams, in the hybrid combinations expressing the highest heterosis for grain yield and salt soluble protein content (F2 x ZPL120; ZPL120 x W401) 3 hybrid-specific protein bands are identified.   Several male or female inbred-specific protein bands have also been identified amongst the many in common for both parents whereas salt soluble proteins isolated from the embryo tissue of low heterotic hybrid combinations, only one hybrid specific protein band has been identified.  By comparing electrophoregrams of hybrid combinations (F2 x ZPL120 and ZPL120 x W401; F2 x ZPL203 and F2 x W401) and coelectrophoregrams (F2 + ZPL120 and ZPL120 + W401; F2 + ZPL203 and F2 + W401) of parental lines it could be suggested that non-additive genetic effects are responsible for salt soluble protein synthesis in hybrid embryo tissue (Leonardy et al., TAG 82:552-560, 1992). 

Based on the number of protein bands, their distribution according to the molecular weight, and presence or absence, the index of similarity of parent lines in hybrid combinations has been calculated and is presented in Table 1. Comparing heterosis for grain yield and protein content with index of similarity of inbred lines it could be suggested that inbreds with the lowest level of salt soluble protein similarity expressed the highest heterosis both for grain yield and content of salt soluble protein in embryo tissue. 

The above data indicate that there is hybrid specific expression of certain loci in maize embryo tissue, and further biochemical experiments (i.e. isolation of poly A-mRNA specific for the protein bands synthesized only in hybrid combinations) for a better understanding of the molecular basis of heterosis are needed. 

Photosynthesis

So far there has been no clear evidence for the superiority of hybrids for photosynthesis.  The process of photosynthesis has 4 major components – namely; gaseous exchange, carboxylation (RuDP carboxylase and PEP carboxylase activities), phosphorylation, and photorespiration.  The observed differences in the rate of CO2 exchange between the parents and F1, which could account for some of the heterosis for grain yield in wheat.  Similarly, in rice both positive heterosis or little heterosis for photosynthesis efficiency have been reported.  Heterosis for nutrient uptake has not yet been proved.  It must be realized that the final expression of heterosis depends on both source and sink capacities, and limitation in either of these two automatically reduces the expression of other.

Hormones

Attempts have been made to explain heterosis in terms of hormone balance.  It was observed that hybrids in maize contained higher levels of endogenous GAs than their inbred parents which in turn induces biosynthesis of numerous  other compounds which could accelerate or activate several pathways to confer superiority to the heterozygote.

Organelle polymorphism


Organelle polymorphism or hetergenity may be a cause of hybrid vigor this result from recombination between organelle genomes by biparental transmission.  Mitochondria from hybrid seedlings showed different efficiencies of oxidative phosphorylation during ATP synthesis.

DNA markers in prediction of hybrid performance and heterosis for a three-line hybrid system in rice.

Two Cytoplasmic Male Sterile lines were crossed with fourteen restorer lines of rice widely grown in the western regions of Maharashtra, India, to produce 28 F1 hybrids which were evaluated for eight agronomically important traits, contributing to yield potential, in replicated field trials. The hybrid performance was recorded along with heterosis and heterobeltiosis. All the rice lines under investigation were subjected to marker-based variability analysis. An attempt was made to correlate genetic distance based on specific markers for each trait individually, as well as average genetic distance based on all specific markers, with hybrid performance and heterosis, by regression analysis. Specific markers could cluster the parental lines in different groups and showed significant correlation with hybrid performance. The data also supports the proposition that epistasis is the basis of heterosis. The analysis, however, revealed a lack of significant predictive values for field application.

Conclusions 

Considering the complexity of metabolism and its subsequent effect on growth a single factor like enzyme, hormone or vitamin cannot be thought of as the universal underlying cause of hybrid vigour.  Biochemical models of heterosis, therefore, are closely linked with physiological aspects of growth which, in turn, may have considerable contribution to yield heterosis.
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