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The phenomenon of heterosis has fascinated plant breeders ever since it was first described by Charles Darwin in 1876 in

the vegetable kingdom and later elaborated by George H Shull and Edward M East in maize during 1908. Heterosis is the

phenotypic and functional superiority manifested in the F1 crosses over the parents. Various classical complementation

mechanisms gave way to the study of the underlying potential cellular and molecular mechanisms responsible for

heterosis. In cereals, such as maize, heterosis has been exploited very well, with the development of many single-cross

hybrids that revolutionized the yield and productivity enhancements.
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1. Introduction

Heterosis (syn hybrid vigor) is a natural phenomenon whereby hybrid (first filial generation, i.e., F ) offsprings of

genetically diverse individuals exhibit improved physical and functional features relative to their parents . Heterosis

has been studied in most eukaryotic organisms, including plants, animals, and fungi. When two homozygous inbred lines

(true breeding line derived from recurrent inbreeding) with distinct genetic constitutions are hybridized together, the

resultant hybrids have greater height, weight, fertility, robustness, and constitutional vigor than either of the parents and

their self-pollinated counterparts . Naturally cross-pollinating species like pearl millet, rye, maize, and other grasses

typically exhibit a higher degree of heterosis than the self-pollinating crop plants such as rice, barley, wheat, and oats.

Nevertheless, many hybrid cultivars have also been developed in self-pollinating plant species . Heterosis can manifest

by virtue of improvement of several traits during plant growth and development. In pearl millet, considerable growth

differences between hybrids and their parents can be monitored during different stages of growth and development. Post-

germination, two root architectural traits such as primary root length and lateral root density show differences at early as

well as later stages. During late development stages, the F   hybrids display relatively more luxurious growth, greater

biomass accumulation, and higher seed setting than their parent genotypes. It is noteworthy that the degree of heterosis

can vary considerably among various traits. For example, grain iron (Fe) and zinc (Zn) contents in pearl millet F  hybrids

do not improve over their parental lines and require high levels of micronutrients in both parents. The maximum level of

heterosis is monitored in the F   derived from cross-pollination between diverse genotypes. This demonstrates the

involvement of several alleles or genetic loci with diverse interactions at cellular and molecular levels. While the

superiority of the progenies over their parents is progressively reduced in the successive generations developed from self-

pollination. Heterosis has been exploited in many cereals, oilseeds, vegetables, fruits, pulses, etc., through the

development of F  hybrids globally .

2. Molecular Bases of Heterosis

The perceived greater vigor in the heterotic phenotype than its inbred parental lines is the cumulative result of the coding

of genetic information by transcription, translation and their levels of regulation. With the advent of next-generation

sequencing (NGS) technologies, genome-wide single-nucleotide polymorphisms (SNPs), insertion or deletions (indels),

large structural variations in the form of presence and absence variations (PAVs), and copy number variations (CNVs) that

contribute to the phenotypic diversity can be easily deciphered . To decode the underlying mechanisms determining

the degree of vigor differences between inbreds and hybrids, molecular studies were advanced to assess their

transcriptome, proteome, epigenome and other regulatory related mechanisms . At a glance, Figure 1 gives a basic idea

on the molecular bases of heterosis.
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Figure 1. Molecular changes involved in manifesting heterosis.

2.1. Transcriptomics View on Heterosis

Hybridization of the inbred parental lines leads to interactions between the nucleus and cytoplasm and the resulting

changes at the cellular and molecular level leads to the altered patterns of gene expression. Genome-wide modifications

in the gene expression levels and their mechanism of actions in the hybrids vis-à-vis its inbreds have been documented in

several hybrids of maize , rice , wheat , cotton ,  Arabidopsis , etc. Transcriptomics and its

potential in heterosis can best be viewed as a transitional phase in between the genetic information and the plant

phenotype which specifically measures the relative contribution of each allele in a hybrid . To identify the genes

involved in heterosis using transcriptome analyses, technologies like microarray, RNA-sequencing (RNA-seq), etc., are

being used to compare inbred parental lines with their F  progenies. From the initial transcriptomic studies on several crop

species, it was believed that favorable gene expression levels in hybrids are predominant when compared to its inbred

parents . However, it is important to note that differential gene expression levels may not directly correspond to

the protein activity between inbred parental lines and hybrids, or to the observed heterosis in the hybrids, and post

transcription/translation regulations need to be taken into account .

2.2. Proteomics View on Heterosis

Studying the role of proteins in determining heterosis is important, as changes at the level of transcripts may not always

reflect at the protein level due to various post-transcriptional and translational regulatory mechanisms . The generalized

concept is that, in the inbred parental lines protein metabolism is higher due to unstable protein levels which require more

energy to quench. Consequently, less energy remains for its vegetative growth, biomass, and yield in the end. The genetic

basis for this condition in inbred parental lines is due to the lack of allelic choice in their homozygous condition with only

two alleles, whereas hybrids in polyploidy condition will have more alleles and thus display faster growth rates due to

increased cell divisions .

With the advent of 2-D gel electrophoresis (2-DGE) along with mass spectrometry (MS), numerous studies have been

reported to identify the differentially expressed proteins (DEPs) determining heterosis. In addition, MS-based protein

detection and quantification depend upon the two isobaric labeling reagents like tandem mass tags (TMT) and isobaric

tags for relative and absolute quantification (iTRAQ), which are employed to detect altered proteins or DEPs in heterotic

phenotypes . To date, the majority of the DEPs determining heterosis have been identified in major crop species like

maize, wheat and rice from the tissue samples of the embryo, root, and leaf . It is apparent from these studies

that the majority of the DEPs identified between inbreds and hybrids are due to the non-additive gene effects, and it has

also been reported that these DEPs belong to the pathways of signal transduction, glycolysis, photosynthesis, disease

resistance, carbon metabolism, protein, amino acid metabolism, etc. . These results indicate that the degree of

heterosis was dependent upon the incidence of protein isoforms or modifications .

2.3. Epigenomics View on Heterosis

DNA methylation: The resulting vigor in hybrids after the hybridization of two distant inbred parental lines is often linked

with epigenetic modifications, viz., DNA methylation , chromatin structure modification , histone acetylation , or

small RNA induced regulations, etc. . Genome activity and the cellular development of any crop species are indeed

regulated by DNA methylation. In most plant species, DNA methylation takes place on the 5’ position of cytosine residues

at CG, CHH and CHG regions (where H may be A, T or C) by DNA methyltransferases . The degree of DNA

methylation change in the hybrids depends on the diversity among inbred parents . Using bisulfite and siRNA

sequencing, differential methylated loci were identified in the rice hybrids (Nipponbare and Indica) and their parents to
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decipher the role of DNA methylation in causing epigenetic heritability . In the allopolyploids of Arabidopsis, genes with

cis- but not trans-regulatory changes were augmented in loci that were hypo-methylated or hyper-methylated . The

manifestation of heterosis by DNA methylation is mainly mediated by the suppression of the transcription process of the

regulatory genes involved in enhancing inbreeding depression or by promoting the expression of genes for heterosis .

Greaves et al.  suggested that DNA methylation sites in hybrids were frequently associated with regions that are

differentially methylated in their inbred parents. In particular, methylated regions in the inbred parents were usually

covered by the siRNA levels, and this implies that RNA-directed DNA methylation (RdDM) pathway may induce the

remodeling of DNA methylation sites in hybrids to manifest heterosis .

Apart from DNA methylation, another epigenetic system involved in hybrid vigor is histone modification. These

modifications can occur at the post-translational level for the amino acids in histone proteins at the N-terminal tails in the

form of methylation, phosphorylation, and acetylation of certain residues . Usual modifications will occur with the

histones like H3K9ac and H3K4me3 found in euchromatin regions with active gene expression. Meanwhile, histones

H3K27me3 and H3K4me3 were found in the pericentromeric, heterochromatin and transposable element (TE) regions

with low transcript levels . He et al.  compared differential expression patterns of H3K4me3 and H3K27me3 between

hybrids and parents of rice subspecies and found that H3K4me3 is transcriptionally active and H3K27me3 is inactive. In

maize F  hybrid endosperm-derived transcriptomes, a histone alternate HTA112 showed significant variations in

expression when compared to its parental lines . These studies, though limited, raised the possibility of inducing

heterosis through epigenetic histone modifications.

Small RNAs: Small RNAs, mediating gene expression, and epigenetic regulation refer to the class of microRNAs

(miRNAs), small interfering RNAs (siRNAs), and  trans-acting siRNAs (tasiRNAs) . Usually, siRNAs will maintain the

genome stability by affecting the genes tagged with transposable elements (TEs) and also by retaining the stable

inheritance of repeat-associated siRNAs, whereas miRNAs and tasiRNAs are involved in controlling morphological and

developmental traits . The combination of distant inbred parental siRNAs in the hybrids will exert both cis and  trans-

acting effects on TEs and TE-coding genes which causes genomic instability thereby leading to the abortive embryo and

endosperm formations termed as hybrid lethality ; on the contrary, some small RNAs also play positive regulatory roles

in terms of protection from the genomic shock, ultimately leading to hybrid vigor. Small RNA gene expression studies in

the hybrids of rice, Arabidopsis and maize revealed the downregulated levels of 24-nt siRNAs when compared to their

inbred parental lines. The 24-nt siRNAs that are involved in the RdDM mechanism will finally lead to transcriptional

repression by stimulating the DNA methylation process. Hence, the reduction of these siRNA levels may lead to the ample

expression of protein-coding genes in hybrids . The differential expression of siRNAs in hybrids relative to their

parents is due to the differences in the promoter regions of small RNA coding genes. Therefore, the epigenetically

developed differences at the gene expression level of 24-nt siRNAs in hybrids may contribute to heterosis .
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