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Introduction


In 1907, Shull coined the term heterosis and referred it to the superiority of heterozygotes  with respect to some measurable attributes in comparison with the corresponding homozygotes (Shull, 1952).  However, since heterosis is a phenomenon of  superior growth, development, differentiation, and maturation caused by the interaction of genes metabolism and environment, a simple explanation of heterosis based solely on the nuclear genome heterozygosity appears untenable.  The nuclear DNA molecules are undoubtedly the major genetic determinants and are objects of intraorganism competition and natural selection, but it has not been generally appreciated that abundant and genetically distinct DNA in cytoplasmic organelles  (mtDNA, in mitrochondria and ctDNA, in chloroplast) fulfill similar conditions of  intracellular competitive interactions.  The cooperative intraorganism genetic interaction between cellular organelles and between organelles and their nucleus may be responsible for the integration of genetic information available on different genomes, energy supply and substance flow in cellular functions.  Several distinct lines of evidence from biochemical, physiological, ultrastructural and restriction endonuclease DNA  fragment analyses in a variety of organisms are available to show that all  three genetic sources nuclear genome, mitrochondrial genome (chondriome) and chloroplast genome (plastome) and not just one of them are at work during the manifestation of heterosis.  The results of the complementary biosynthesis on the genome plasmon of key enzymes of the organelle system, e.g., ribulose-1,5 biphosphate carboxylase / oxygenase in chloroplasts and cytochrome oxidase and adenosine triphosphatase in mitochondria, provide some new insights into the physicobiochemical and genetic mechanisms responsible for heterotic expressions.
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Organelle Genomes and Cytoplamic Genes

Cytoplasmic DNA’s of chloroplasts and mitochondria are characterized as double stranded DNA’s of high molecular weight and distinctive base composition by extracting them from isolated and purified organelles, Mitochondria contain circular duplex DNA with a molecular weight ranging from 1 x 107  - 5 x 107, depending on the organism.  The larger genome size is more prevalent among fungi, protists, and higher plants.  Mammalian mitochondria tend to have smaller DNA’s that are generally 1 x 107 in molecular weight.  Thus, it could be reasonably assumed that the mitochondrial genome is large enough to code for both large and small ribosomal RNA species, and polypeptide componenmts of enzyme systems that play key roles in respiratory electron transport and phosphorylation, e.g., cytochrome oxidase and the F1 – Fo complex in mitochondria.  Chloroplast DNA’s are much larger than the known mitochondrial DNA’s.  Individual chloroplasts of algae like Chlamydomonas and Euglena contain about as much DNA as does a bacterial genome: molecular weight some 1-4 x 109.  If about 1500 base pairs form one functional gene, the chloroplast genome must contain about 1.3-1.5 x 10 3 genes.  Taking into account the occurrence of frequently repeating  homologous chains, split genes, and regulatory genes, one can suppose that the chloroplast genome codes for about 150-300 specific proteins of 50 x 10 3 molecular weight.  CtDNA and mtDNA of a number of higher plants have been characterized by restriction endonuclease digestion.  With maize, studies have revealed marked variation among mtDNA’s of male sterile cytoplasms and less variation among normal, fertile cytoplasms.  Although  the true picture of inheritance of organelle DNAs from DNA fragment studies has not yet emerged, the data nevertheless suggest a maternal bias at least in case of maize mtDNA, but ctDNA variation in maize still remains inadequate for unequivocal evidence of uniparental inheritance.  Exactly what this signifies in functional terms awaits a better understanding of the role and properties of these DNA fractions. Although the knowledge concerning mitochondrial genes in higher plants still remains fragmentary, it is however, evident that of the nine proteins known to be synthesized in yeast mitochondria, six have been documented to be specified by mt DNA. 

Organelle Heterosis and Complementation

The involvement of mitochondria in heterosis as judged by respiratory function (respiratory control ratio and ADP: 0 ratio of isolated mitochondria) and higher enzyme activities in the hybrids has been demonstrated (Srivastava, 1972). Mitrochondrial complementation (the enhanced oxidative phosphorylation efficiency of artificially  mixed mitrochondria of certain inbreds ) has been reported as correlated with seedling heterosis in maize.  Chloroplast heterosis i.e. higher photosynthetic rates, have also been observed in the seedling stages. The term “chloroplast complmentation” is generally used to indicate the greater activity of  1:1 parental mixture of isolated chloroplasts when compared to the mid-parental values.

The results of heterosis and complementation with regard to some key components of mitochondrial and chloroplast functions in many economically important crops are summarized in Table.  The more vigorous varieties of maize and soybean have more tightly coupled mitochondria than the less vigorous varieties.  A correlation between mitrochondrial complementation heterosis and grain yield has been interpreted to indicate that mitochondrial activity is rate-limiting for yield and enhanced mitochondrial efficiency,  the biochemical basis of heterosis (Srivastava  1974).  Results also suggest that mitochondrial ATP:0 ratios in wheat seedlings are correlated to seed metabolism, which is in turn determined by the metablic activity of the plant during formation and maturation of the seeds.  Positive correlation between seed and oil yield and mitochondiral  activity in oil palm has been observed.  A relationship between mitochondrial efficiency and heterosis in Asparagus has also been demonstrated. Evidence showing that hybrid mitochondria possess an abundance of lipid-phospholipid, linoleic acid in their fatty acid fraction and a higher amount of internal “bound” water are indicative of the physicobiochemical changes in the biochemical systems of the hybrid during heterotic expressions.  All these observations are in accordance with the view that mitochondria paly a significant role in the manifestation of heterosis.  Unfortunately, the experimental data from some laboratories has produced mixed reactions among investigators as to the practical application of organelle complementation heterosis studies in evaluating combining ability for grain yield potential of genotypes in plant breeding projects.  Zoble et al., (1972) were unable to demonstrate mitochondrial complementation in winter wheat.  The small mitochondrial complementation. effects, as observed  by  sugarbeet by Doney et al (1976)  made it difficult to detect differences in the level of complementation between genotypes, and thus difficult  to predict root yield heterosis.  Recent extensive studies of mitochondrial complementation and grain yield in hybrid wheat, however, have given new clues to the detectable correlation between F1 yield hetersis and mitochondiral efficiency.  It is relevant to  retrieve some observations made lately by Sen (1981)  on the evaluation of mitochondiral heterosis and in vitro mitochondrial complementation in wheat, barley and maize.     Negative results for mitrochondrial heterosis or in vitro mitochondrial complementation were recorded and the correlations between the different mitochondiral parameters, seedling heights or rates of oxygen uptake by seedling tissue were not established.  Not only do mitochondria of the heterotic hybrids exhibit superiority with respect to oxidative and phosphorylative activities, but they also are polymorphic or heterogeneous, as revealed by an elegantly designed experiment to separate the types of mitochondria on a linear sucrose density gradient.  These studies on polymorphism of mitochondira in heterotic hybrids of maize and wheat indicated a biparental transmission of mitochondria, the presence of a new hybrid specific type indicated that mitochondria types are not deternined only by direct genetic transmission.  Flavell and Barrett (1977)  have already postulated a hypothesis for explaining superior mitochondrial functions in heterotic hybrids based on the involvement of some extramitochondrial small molecules that influence mitochondiral activities.

        Electron microscopic studies have provided evidence that hybrids are characterized to posses highly developed fine structure of mitochondria and chloroplast than their respective parents.  The increase in size of the lamellae and thylakoid membrane structure in the chloroplast of the hybrid was directly correlated with their chlorophyll contents.  In addition to the enhanced activities of the key enzymes of the Calvin cycle in hybrid chloroplasts, heterosis in chlorophyll  content in maize and sorghum has been reported. Results of chloroplast complementation based on Hill’s reaction and cyclic phosphorylation in maize showed 21% to 60% increased activity. The enhanced activities due to chloroplast complementation were also found to be closely associated with the degree of grain yield heterosis.  These observations on chloroplast heterosis and complementation, just like mitochondrial complementation, suggest that hybrids are endowed with efficient conservation of energy in their organelles.

Transmission Pattern of Organelle DNA’s


A single plant cell contains many molecules of ctDNA and /or mtDNA.  These organelle genomes are packed into one or many organelles each of which may contain many DNA molecules.  The DNA is localized in descrete regions which are called “nucleoids” by analogy with similar regions in prokaryotes.  Each chloroplast in leaf parenchyma cells of Beta vulgaris contains 4-18 nucleoids, and each nucleoid is estimated to have 4-8 ctDNA molecules.  Haploid yeast cells contain 1-45 mitochondria per cell with a total of 10-32 nucleoids, each nucleoid is estimated to contain 4-5 mtDNA molecules.  The population of organelle genomes within a cell is divided into subpopulations in individual organelles and in nucleoids, and these “populations with populations’ complicate the analysis of organelle transmission genetics.  The chloroplast or mitochondrial genes appear to be present in multiple(non-redundant) copies distributed at a number of independent DNA containing nucleoids wihin the organelle, representing organelle genome polyploidy.  Each species has its own mtDNA and ctDNA molecule; that molecule perhaps carries a complete set of organelle genes but is present in multiple copies in every cell.  Organelles are thus analogous to highly polyploidy nuclei in an organism with a haploid chromosome number of one.  It has  been observed that the DNA containing nucleotids of mitochondria are most conspicuous and tend to have the highest DNA content in embyonic cells, plant cells, unicellular organisms, and tissue culture cells.  However, the information  about the genetic variability both in terms of quantity and quality of organelle DNA’s per organelle and per nucleoid at molecular level for plant cells is not yet available.  There is also a critical need for information on how nucleoids and the DNA molecules of mitochondria and chloroplasts distribute themselves during cell division.

Organelle Polymorphism and Recombination

The heterotic hybrids in maize and wheat possess polymorphic mitochondria.  Polymorphism of chloroplast in wheat hybrids based on electron microscopic studies has also been observed.  Mixed heteroplastid cells with normal and mutated chloroplasts have been found at the boundaries of green and white parts of variegated barley leaves.  The photosynthetically efficient C4  plants, maize, sorghum, pearl  millet, and sugarcane, have been shown to possess two types of chloroplast (dimorphism) which distinctly differ in terms of their ultrastructure and photochemical functions.  The significance of organelle polymorphism or heterogeneity in the manifestation of hybrid vigor and intracellular homeostasis has been elucidated (Srivastava 1975; Sarkissian 1972).   Genetic polymorphism in any form is considered adaptive by providing an increased diversity of genotypes, thus leading to enhanced buffering against environmental conditions. The hypothesis considering organelle polymorphism to be products of organellular recombination between organelle genomes derived from paternal and maternal sources due to biparental (non-Mendelian) transmission is very attractive, but it demands rigorous experimentation.  In plant species which show predominantly maternal or uniparental inheritance of organelles, consideration that organelle polymorphism (organelle heterogenity) results due to intraorganelle recombination, i.e. recombination between mtDNA molecules or ctDNA molecules within the same mitochondrion or chloroplast respectively without any physical contact, cannot be ruled out. No matter which mechanism is responsible for the origin of organelle polymorphism, it seems likely that observed correlation

between organelle complementation heterosis and hybrid vigor is a consequence  of interaction between polymorphic organelles in the hybrid.

Intergenomic Interaction and Organelle Complementation - Heterosis


It predicts: (1) Intergenomic interaction between nuclear and organelle genes is a dominant theme in heterosis (2) Heterosis is associated to a greater extent with higher efficiency of mitochondria and chloroplast; (3) Organelle heterosis is the result of complementation between polymorphic mitochondria and chloroplast, which may be transmitted biparentally (non- Mendelian) in the F1 hybrid.  Some evidence from recent experiments of isolated protopast fusion between two varieties of Nicotiana tabacum and the regeneration of tobacco plants from resulting cytoplasmic hybrids (cybrids) could be cited in support of this hypothesis; genetic and biochemical analyses with restriction endonuclease have demonstrated that mtDNA’s of cybrids are different from those of the parents and from the mixture of the two, and that the new DNA’s in cybrids are the result of mitochondrial DNA recomination.   Both non-allelic (epistasis) and overdominant interactions can be  viewed as situation where one gene complements the  expression of another. The epistatic or overdominant gene loci are presumably available on both nuclear and organelle geneomes respectively in F 1  (heterozygous - heteroplasmic) individual.  A possible operational mechanism of heterosis would involve complementation  of proteins or polypeptide individual.


A possible operational mechanism of heterosis at the level of mitochondria and chloroplast would involve complementation of proteins or polypeptide subunits encoded by both nuclear and organelle genes having non-additive gene effects instead of unique nuclear genome.  The resulting products due to intergenomic interaction in organelles of hybrid organisms would then  be expected to ensure for enhanced structional and catalytic functions of these organelles.  On the contrary, the inbred parents by virtue  of maintaining higher degree of genomic uniformity, and therefore less opportunity for effective intergenomic interaction, might be deprived of such physicobiochemical advantages.
A model situation for intergenomic interactions could be visualized in interaction between (a) genome and plastome, (b) genome and chondriome (c) plastome and chondriome, (d) genome, plastome, and chondriome together, and (e) genetically functional nucleoids of polymorphic mitochondria and chloroplast in a cell.  Many multimeric enzymes of the mitochondrial and chloroplast membrane systems sharing epistatic or overdominant genes of organelles as well as of the nucleus could obtain catelytic superiority by intergenomic interaction. The point which remains to be examined relates to the precise operational mechanism of intergenomic interaction (complementation between nuclear and organelle genomes): does it operate through transcription translation systems, protein synthesizing system, or both?.

Heterosis as it relates to the interaction between nuclear and cytoplasmic genes has been demonstrated by comparison of reciprocal crosses of inbred maize lines.  A test for uniparental maternal plasmotypic contributions to the heterotic expression of two traits in a Nicotiana tabacum x N. glutinosa hybrid has been devised.  By using such test, any differential contributions of the maternal and paternal parents to the heterotic performance of hybrids can be distinguished.  Genome plastome interaction in sunflower results in heterosis for plant height, 1000 seed weight, husk content, and oil content.  The plastome mutant (chlorina type) in different genetic backgrounds further affects specific combining ability.  Some wide nucleo cytoplasmic polymorphism for male sterility trait in Origanum vulgare has recently been demonstrated.  Highly significant heterosis is reported for callus growth and root initiation in tissue cultures following protoplast fusion involving N. tabacum (Keyes  et al., 1981). 

The present intense interest of plant breeders in adding molecular and somatic genetics to conventional breeding techniques stems from the fact that these new techniques (e.g. intergration of exogenous DNA into host plant cell genomes, transformation without integration to exploit plant DNA viruses to carry exogenous DNA into host cell cells, isolation of plant genes or desired sequences from large nuclear genomes, and somatic cell fusion) overcome the restriction on gene flow between organisms and organelles that is inherent in classical breeding methods. The cytoplasmic mix obtained from protoplast fusion is novel.  It seems that although it is relatively simple to bring together two plastid genotypes in a common cytoplasm by protoplast fusion,  it is difficult to keep them together.   Opportunities for enhancing cytoplasmic heterogeneity leading to intergenomic interaction and heterosis by protoplasts  fusions may be greater with mitochondira than with chloroplasts because there is evidence for  mitochondrial recombination in cybrids of Nicotiana tabacum by protoplast fusion. 

Interspecific Complementation and Heterosis
Based on the postulate that genetic polymorphism in any form is related to increased adaptability.  It is considered that organelle polymorphism or heterogeneity as a cause of hybrid vigour.  While chloroplast dimorphism exists in many economically important C4 plants, polymorphic mitochondria and chloroplast were observed in heterotic hybrids of maize and wheat.  Organelle polymorphism can result from recombination between organelle genomes derived from the paternal and maternal sources due to biparental (non-mendalien) transmission.  However of the available evidence, biparental transmission of  cytoplasmic organelles may be an exception rather than a rule.  In parasexual hybrids, however chloroplasts from both parents may stay together and be distributed to daughter cells, with one type of chloroplast dominating the other.  Mitochondria isolated from the seedlings of the hybrids and their parents showed different efficiencies of oxidative phosphorylation during  ATP synthesis.  That the mitochondira from the nonheterotic hybrids had the same phosphorylative efficiency as that of the parents was considered as an expression of heterosis.  Heterosis for mitochondrial activity in terms of respiration was also reported in hybrids at the late seedling stage in maize.  On the contrary, heterosis for grain weight / ear in maize could not be correlated with biochemical activity in mitochondria as measured  by cytochrome – C. oxidase and adenosine triphosphatase activity. 

Conclusion 

Hybrids are endowed with several physicobiochemical characteristics: (1) DNA of hybrids possesses high replicative activity, repetition of ribosomal RNA loci, and repeated sequences in the genomes active sites: (2) hybrids contain more multimeric enzyme forms with unique and superior functions; (3) the newly formed mRNA of hybrid differs in terms of nucleotide composition from that of the parents; (4) hybrids possess highly developed fine structure of mitochondria and chloroplast than parents; and (5) chloroplasts of hybrids exhibit 

superiority in the size of lamellae and thylakoid membrane structure with high chlorophyll contents.  These results reveal that heterosis is manifested by increased DNA replication, transcription, and translation, in the formation of surplus genetic information, in the form of repeated ribosomal DNA sequences of favorable  gene combination, and in increased efficiency of the enzyme and many other regulatory elements within the cell.  In absense of sufficient experimental evidence, efforts explain heterosis at the organelle level have not proved successful.  

        Superior mitochondrial and chloroplast functions caused by both genomic and intergenomic complementation are considered as essential components of heterosis.  A possible operational mechanism of heterosis would involve complementation of polypeptide subunits by both nuclear and organelle genes having non-additive gene effects instead of unique nuclear genes.  The resulting products due to intergenomic interaction in mitrochondira and chloroplast of hybrid organisms would then be expected to ensure for enhanced structural, catalytic, and regulatory functions leading to heterosis and adaptive advantage. 

Table     Organelle heterosis and complementation in higher plants a
                       Parameters
Mitochondiral heterosis and complementation


Organisms

Cytochrome oxidase
Wheat (Triticum aestivum)

Oxidative phosphorylation (ADP: 0 ratio)
Wheat (Triticum aestivum)

Maize (Zea mays)

Respiratory control index ( State 3 / state 

4 oxidation ratio)
Maize (Zea mays)

Barley (Hordeum vulgare)

Soybean (Glycine max)

Pea (Pisum sativum)

Alfalfa (Medicago sativa)

Cucurbitis (Cucurbita maxima)

Adenosine triphosphatase
Wheat (Triticum aestivum)

Maize (Zea mays)

Rye (Secale cereale)

Cotton (Gossypium hirsutum)

Cytochrome and phospholipid contents
Wheat (Triticum aestivum)

Chloroplast heterosis and complementation

Ribulose biphosphate Carboxylase/oxygenase
Maize (Zea mays)

Sorghum (Sorghum vulgare)

Barley (Hordeum vulgare)

Photophosphorylation
Maize (Zea mays)

Cotton (Gossypium hirsutum)

Hill reaction
Maize (Zea mays)

Cotton (Gossypium hirsutum)

Chlorophyll content
Wheat (Triticum aestivum)

Soybean (Glycine max)

Maize (Zea mays)

a Mitochondrial complementation was originally defined as the enhanced oxidative phosphorylation efficiency of artificially mixed  mitochondria of certain inbred lines   The term “chloroplast complementation” in the literature is also used to indicate the greater activity of 1:1 parental mixture of isolated chloroplasts when compared to the midparental values.  Results at whole organelle level, sub-organelle level, or even particulate enzyme level, are all now considered examples of complementation of mitochondria and chloroplast and have frequently been related to the heterosis phenomenon.
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