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Heterosis in plants has been among the challenging topics for plant scientists worldwide. The production of F1 hybrid varieties of seed-propagated horticultural species is one of the most successful applications of plant breeding techniques. The exploitation of the heterosis phenomenon promotes homogeneity and maximizes crop yields and is a way for breeders to legally control and protect their commercial products. In the past heterosis has been largely studied and explored in cereal crop systems, considering maize as a model for understanding the genetic bases of this phenomenon. To date, crossbreeding in horticultural vegetables has also rapidly progressed. F1 hybrid varieties are available for many horticultural crops, including both allogamous and autogamous species. Several genetic and nongenetic mechanisms have been applied to facilitate the large-scale production of F1 hybrid seeds in vegetable crops to prevent undesirable selfing. Although the development and commercialization of F1 hybrids is currently common in agriculture, this phenomenon is still being investigated at different levels. With the rapid accumulation of knowledge on plant genome structures and gene activities and the advancement of new genomics platforms and methodologies, significant progress has been achieved in recent years in the study of the genetic and molecular bases of heterosis. This paper provides a brief overview of current theoretical advances and practical predictions of the molecular mechanisms underlying heterosis in plants. The aim is to carefully summarize the fundamental mechanisms of heterosis in plants, focusing on horticultural plant breeding, to improve the existing knowledge in this research area. We describe the quantitative genetic model of phenotypic variation and combine evolutionary, phenotypic and molecular genetic views to explain the origin and manifestation of heterosis and its significance for breeding F1 hybrid varieties in horticultural crops. The principles of genomic prediction and its applications in genomic selection are then covered.
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1 Introduction

The phenomenon of heterosis has long been among the most popular topics for plant scientists worldwide. As largely described in the past, the term heterosis refers to the increase in vigour seen in progeny generated from specific crossings between pure or inbred lines (Lippman and Zamir, 2007). The resulting offspring have a hybrid genotypic structure and a phenotypic value higher than those of parental lines. This phenomenon is usually known as “hybrid vigour” and is most prominent in allogamous species. It can also be thought of as the inverse of inbreeding depression, represented by a reduction in vigour and observed after self-pollination and/or cross-pollination between sibling lines.

The employment of heterosis in agriculture has been one of the most significant successes in the application of plant breeding programs over the last century. Manifesting as increased vigour of plant traits related to vegetative and reproductive processes, heterosis has always been considered similar to a ‘miraculous’ agricultural occurrence. In particular, breeding programs aimed at taking advantage of this phenomenon have significant commercial implications for several reasons, first of all the constitution and cultivation of elite F1 hybrid varieties with specific properties. Indeed, the yield of F1 hybrid varieties is higher than that of other types of varieties (e.g., synthetic varieties) (Patella et al., 2019), and the development of F1 hybrid seeds also increases the possibility of obtaining different agronomically interesting traits at the genome level combined in a single genotype (Fu et al., 2014). Furthermore, the genetic uniformity of F1 hybrids and parental line secrecy facilitate the protection of seed companies’ or plant breeders’ rights, thus stimulating partnerships of the private sector in breeding programs, which are usually expensive and time-consuming (Scariolo et al., 2023). Finally, the constitution of F1 hybrid varieties does not reduce the need to preserve the genetic resources of agronomically attractive species, since research on highly relevant inbred lines suitable for specific crossings requires advanced research within germplasm collections, to persevere their continuous maintenance.

The most striking examples of varieties having a very high level of heterosis range from maize (Zea mays) to oil palm [Elaeis guineensis; (Duvick, 2005; Fu et al., 2014; Cros et al., 2015)], in which F1 hybrid crop cultivars vastly outperform their inbred progenitors. In general, the production of F1 hybrid crops is unquestionably one of the key developments in the global seed market and results in a large boost in crop yields and crop husbandry revenue per se: for example, hybrid rice has improved China’s rice production by 44.1% (Cheng et al., 2007), the European market has favoured F1 hybrid seeds for several of its important crops, such as sugar beet, rapeseed, and rye (Hochholdinger and Hoecker, 2007), and in America an increase in yields of at least eightfold has been achieved through the cultivation of maize hybrid varieties (Tian et al., 2011). It is precisely on corn that, already in the early 1900s, Shull (Shull, 1908) observed phenotypic traits related to a heterotic effect in hybrid offspring of corn, proposing the concept of heterosis, and since the 1930s maize heterosis-based genetic breeding started to be commonly applied, providing several excellent maize hybrids.

Although cereal crops, primarily maize, have always been considered models for understanding heterotic phenomena, crossbreeding in horticultural vegetables has rapidly progressed, exploiting, in this agronomical sector, the genetic basis underlying heterosis. F1 hybrid varieties are now available for many horticultural crops, both allogamous (sunflower, melons, pepper, etc.) and autogamous (tomato, lettuce, etc.). For most vegetables, the global hybrid seed production is increasing by 8%–10% per year (Silva Dias, 2014). The application of heterosis to horticultural cultivation was first proposed by Hayes and Jones (Hayes and Jones, 1916) in cucumber systems. Since the discovery of the male sterility and self-incompatibility mechanisms in onion (Pearson, 1933) and cabbage (Jones and Clarke, 1943), respectively, a number of genetic- and nongenetic-related strategies have been developed and applied to prevent undesirable selfing for the development of experimental and commercial F1 hybrid seeds (Kumar and Singh, 2004; Colombo and Galmarini, 2017). Improved phenotypes related to heterosis phenomena have been observed and described also in Solanaceae (Spaldon et al., 2015; Tamta and Singh, 2017), Cruciferae (Behr et al., 2018; Kong et al., 2020), and Cucurbitaceae vegetables (Am et al., 2014; Sharma et al., 2016). The various traits that exhibit remarkable vigour in F1 hybrids include yield, earliness, growth, and stress tolerance (Krieger et al., 2010; Liu et al., 2020a; Zhang et al., 2020), all aspects that justify the increase in research on horticultural crops, since a more productive hybrid will actually reduce the time to the first harvest. Currently, the most important vegetables cultivated with economic relevance in European areas are represented by hybrid cultivars and include species such as tomato, eggplant, chicory, sunflower and rapeseed. In particular, the top five F1 hybrid varieties of vegetables registered in Europe are tomato, pepper, melon, cucumber, and onion, which are represented almost exclusively by hybrid genotypes, which are replacing open-pollinated varieties (Santamaria and Signore, 2021, Yu et al., 2021).

Although the constitution and commercialization of F1 hybrids are currently common in agriculture and hybrid vigour has been largely exploited by breeders for many decades, this phenomenon is still currently being investigated at different levels by geneticists. Although much information is currently available for most model cereals and in an increasing number of horticultural crops, the genetic and molecular mechanisms remain of great interest yet not completely unravelled. However, with the rapid accumulation of knowledge on gene function and the advancement of new genomics methodologies, considerable progress has been made in recent years to highlight new frontiers for the genetic and molecular foundation of heterosis.

Starting from these presumptions, the following manuscript provides a general overview of current scientific advances and related practical prospects, explaining the molecular mechanisms of heterosis in plants, focusing on horticultural species. Beginning with relative theoretical bases, the main aim is to improve exiting knowledge in the horticultural plant breeding research sector. We describe the quantitative genetic model of phenotype and combine the old theoretical bases with modern quantitative, evolutionary, phenotypic, and molecular genetic views to explain the origins of heterosis and its significance in hybrid breeding. The principles of genomic prediction and its applications in genomic selection are then covered.




2 Heterosis and the starting point of knowledge

Over the years, a vast amount of heterosis literature has been published for major crops, mainly cereals and herbaceous species, which makes its description and appreciation difficult due to the several implied variables influencing this phenomenon. However, among the most important aspects, the reproductive system is a key starting point for understanding the genetic and molecular basis of heterosis. In fact, several reproductive systems imply that the establishment of heterosis occurs differently, as reported in Table 1, which describes how heterosis varies primarily in relation to this aspect.


Table 1 | Heterosis estimates of F1 hybrids yields for different traits.



As shown in Table 1, the degree of heterosis in progenies over the parents is well represented in allogamous species. The genetic basis in allogamous plant populations under natural conditions refers to the genetic equilibrium described by the Hardy–Weinberg law. It is stated that, in a larger population presenting random crosses (panmixis) and the absence of evolutionary pressures (selections, mutations or/and migrations), at a specific locus having alleles A and a, genotypic frequencies are fixed at values equal to p2(AA), 2pq(Aa) and q2(aa), where p and q are the allelic frequencies in the population. The Hardy–Weinberg law presumes that the mating of genotypes depends on their frequency: the probability that two genotypes cross together is thus equal to the product of their frequencies. Whenever genetically similar individuals, thus possibly related to each other, cross together (selfing or full-sibling) with higher frequencies than would be expected in the case of random mating, genetic equilibrium is disturbed. Notably, this kind of crossing drives an increase in homozygosity, a reduction in the genetic variability of the population and a decrease in vigour in the obtained progenies (inbreeding depression). Indeed, in these situations, the probability that progenies inherit the same alleles from both parental plants increases, bringing about a fixed homozygous condition. Conversely, crossings between genetically different individuals (outbreeding) reduce homozygosity and maintain or even increase genetic variability in the population. Consequently, in outcrossing populations, the probability that progenies inherit different alleles from the parents increases, leading to a heterozygous condition in the population.

In applicative fields (breeding), controlled crossing represents a very useful strategy for developing pure or inbred lines homozygous at all loci (selfing or full-sibling) or for developing heterozygous hybrids at most loci (outcrossing). The reproductive system of a species, therefore, represents the first determinant able to influence the genotypic composition of both natural and breeding populations and the phenotypic manifestation of heterosis. The intercrossing between individuals of the same population, as well as crossing plants belonging to different populations, have marked consequences for crop productivity and fitness. In model maize, the existence of strong correlation between vigour depression and, on the one hand, heterosis and, on the other hand, the genetic distance of the parents, calculated using both morpho-physiological traits (Moll et al., 1965) and molecular marker data (Reif et al., 2003), has been proven. In horticultural crops, the relationship between heterosis and the genetic distance between parents is in some cases controversial: yield traits have been examined in fruit vegetables such as tomato (Fortuny et al., 2021), eggplant (Rodríguez-Burruezo et al., 2008; Kaushik et al., 2018), cucumber (Liu et al., 2022), pepper (Geleta et al., 2004) and melon (Luan et al., 2010; Dafna et al., 2021), where a negative or no correlation between them was observed, suggesting that the genetic distance between parents is not a strong predictor in these fruit vegetables. In contrast, heterosis in root biomass in carrot and radish was observed, and moderate positive relationships between yield, heterosis and the genetic distance of parental lines were observed. Even though F1 varieties have already been developed for these species without clear and focused reports related to this phenomenon, research on heterosis is still lacking for many crops, as it is mainly limited to leafy and fruit vegetables (Jagosz, 2011; Turner et al., 2018).

However, opposite findings were also reported regarding the relationship between genetic distance and heterosis in horticultural crops. Figueiredo et al. (Figueiredo et al., 2016) described that when two parents that are strongly genetically divergent are crossed together, the chances of obtaining highly heterotic hybrids are higher than if the parents are closely related. This effect is due to the recombination events that occur when mating gametes from individuals share a small number of common alleles, thus increasing the possibility of transferring those with a positive influence on progeny vigour. In fact, through the recombination of positive alleles, meaning those that have a positive effect on the phenotype, genetic mechanisms of dominance, epistasis and quantitative additivity influence the phenotypic manifestation of useful traits for agronomic purposes in crops.

These findings agreed with what was reported in other studies in tomato, potato, sweet pepper, onion and sesame (Buso et al, 2003; Figueiredo et al., 2016; Li et al., 2022; Geleta et al., 2004; Shapturenko et al., 2013; Shapturenko et al., 2014; Pandey et al., 2018; Faria et al., 2019).

Horticultural hybrids are better represented varieties than their inbred parents and the original open-pollinated population. The reason for this is their potential in integrating dominantly inherited disease resistances, their higher quality and disease-free hybrid seeds (in contrast to locally grown open-pollinated ones), or the fact that hybrid agronomic performance is superior, and these are only some of the possible explanations for their spread in the market (Havey, 1998).

In particular, similar to what emerged in cereals, such as maize (Yang et al., 2017; Liu et al., 2020a; Birdseye et al., 2021), rice (Dan et al., 2014; Shen et al., 2015; Zhu et al., 2016) and wheat (Song et al., 2009), multiple morphological features associated with vegetative tissue also showed different levels of heterosis in vegetable F1 hybrids. These insights, which have been observed depending on the crop and developmental stage, from post-germination to final yield, were derived from Brassicaceae crops, such as Chinese cabbage (Kawamura et al., 2016; Fujimoto et al., 2018; Shiraki et al., 2023), cabbage (Jeong et al., 2017), cauliflower (Verma and Kalia, 2017), rapeseed or canola (Brassica napus L.) (Basunanda et al., 2010; Wolko et al., 2019; Wang et al., 2021; Hu et al., 2022); Solanaceae crops, such as tomato (Chandel et al., 2021; Rajendran et al., 2022), potato (Buso et al, 2003), and eggplant (Kaushik, 2019; Kumar et al., 2020); Apiaceae crops, such as carrot, coriander and caraway (Jagosz, 2011; von Maydell et al., 2021; Hanifei et al., 2022); and Leguminosae crops, such as common bean (Gonçalves-Vidigal et al., 2008) and pea (Sharma et al., 2023).

Regarding these findings, it must be reported that genetic distance based on phenotypic data analysis was less informative than that calculated using molecular data. In most cases, no strong correlation was observed between molecular distance and specific phenotypic traits, although the use of molecular markers was demonstrated to be useful in the determination of suitable parental genotypes for breeding purposes and heterosis exploitation. Supporting this, higher heterozygosity and uniformity, computed using molecular information, were observed in hybrid progenies obtained by crossing strongly homozygous and dissimilar lines than in those obtained by crossing highly similar and heterozygous parents (Reif et al., 2003; Jagosz, 2011; Scariolo et al., 2022).




3 The theoretical genetic foundations

For a long time, the evolutionary and genetic bases of heterosis have been investigated, and several studies have deeply described the genetic foundation to shed light on this intriguing scenario. First, it is necessary to anticipate that in conventional breeding and genetic research, we work with chromosome blocks rather than individual genes. Thus, heterosis and estimates of gene action are supported by the chromosome block structure notion. Chromosome blocks fluctuate in size depending on the degree of linkage (frequency of recombination) and the number of sexual generations (the direction towards linkage equilibrium); however, the only factor we often know is the number of sexual generations. We frequently do not know how much genetic material is linked to the gene of interest, not even in cases of backcrossing of single gene features.

Second, it is plausible that biologically additive, dominant, and epistatic gene action can fully account for heterosis and that no single gene, class of genes, or physiological phenomenon is responsible for heterosis (Birchler et al., 2010; Fievet et al., 2018). If this is the case, looking for the genes underlying heterosis would reveal the genes underlying the particular trait under consideration in a given experimental sample, and heterosis would be brought about by biological dominance, over-dominance, or epistasis of the genes controlling the trait (Fievet et al., 2018). Even for single traits within a species, attempts to map heterosis for different phenotypes typically fail to identify loci for which the connection holds consistently across genotypes (Huang et al., 2016; Liu et al., 2020b). From an evolutionary perspective, heterosis in quantitative genetics ultimately rests on assumptions of biological dominance and biological epistasis, even though the additive model captures most of the effects of biological dominance and epistasis (Huang and Mackay, 2016). For biological dominance to affect heterosis, dominant alleles should have directional effects on fitness (Lynch and Walsh, 1998). In particular, biologically dominant mutations in a population alter phenotype and are subject to selection. Because they are not selected as heterozygotes, recessive mutations are only subject to phenotypic selection in their homozygous condition, where they can spread throughout populations. Negative dominant alleles are therefore more likely than negative recessive alleles to be removed from populations by natural selection, and over evolutionary time, it is expected that biologically dominant alleles tend to be favoured, and deleterious alleles tend to be recessive (Falconer, 1996). The formation of dominance has been explained by evolutionary processes other than directional selection, such as stabilizing selection (Manna et al., 2011). Overdominance, a form of biological dominance in which alleles persist in populations at intermediate frequencies and heterozygotes have more extreme phenotypes than both homozygotes, can also result in heterosis (Crow, 1999). However, it can be challenging to detect over-dominance because it necessitates inbred parents to be identical at all loci except the one of interest. If they are not, parents may have biologically dominant alleles with opposing fitness effects tightly linked in repulsion phase, leading to pseudo over-dominance, in which the loci never occur in their uncoupled condition and are instead combined to form a single over-dominant locus.

As interactions among several loci contribute to fitness, biological epistasis may also contribute to heterosis. There is an abundance of evidence supporting biological epistasis, such as the physical binding of genes encoding transcription factor proteins to DNA sequence motifs to activate or repress other genes that influence phenotypes (Phillips, 2008; Lehner, 2011). However, it is sometimes not possible to identify all types of statistical and biological epistasis in normal experimental samples since there are many more allele combinations than there are different genotypes in a population (Wei et al., 2014). Furthermore, if none of the interacting genes in the experimental sample segregate, epistasis cannot be detected in the population (Stitzer and Ross-Ibarra, 2018).



3.1 Chromosomal blocks

The hypothesis formulated by Alfred H. Sturtevant and Thomas H. Morgan at the beginning of the last century, according to which crossing-over events take place randomly throughout the chromosomes, is currently considered only partially acceptable. In fact, many data acquired over the years from model organisms of different kingdoms (fungi, plants, insects and mammals) demonstrate the existence of chromosomal hot spots, namely regions characterized by higher crossing-over frequencies. (Lichten and Goldman, 1995; Schnable and Wise, 1998; Steiner and Smith, 2005; Choi et al., 2013; Bhakta et al., 2015; Si et al., 2015). In general, the size of the chromosomes reflects the frequency of crossing-over events that may occur. The relationship between the mean recombination frequency and the genetic distance between loci along the chromosome, as well as the relationship between the average frequency of the chiasmata and the genetic dimension of the chromosomes, allows us to estimate the overall length of the genetic maps (Table 2).


Table 2 | Recombination events frequencies and chromosomes length estimates in tomato.



However, those chromosomal regions more frequently subject to crossing-over negatively condition the correspondence between a genetic and physical map (Rafalski and Morgante, 2004; Wang et al., 2015) and, vice versa, in regions with reduced or even suppressed recombination events (cold spots), small genetic distances can be translated as large physical distances (Bustamante et al., 2017). Consequently, the genetic distances, measured in cM (recombination units), do not always correspond exactly to the physical distances, measured instead in Mb (millions of base pairs). The comparison between the physical map thus obtained and the genetic map previously determined revealed considerable discrepancies in terms of reciprocal distances between loci. In fact, in all species, the chromosome ends (telomeres) as well as the regions adjacent to the centromere are, as a general rule, less affected by exchange events than other regions scattered along the chromosomal arms (Aguilar, 2021; Talbert and Henikoff, 2010). In a genetic map, physical regions scarcely affected by recombination events are compressed, while those most affected by crossing-over appear expanded. However, even if the relationship between the physical map and the genetic map of the chromosomes cannot be considered uniform, the genetic and physical maps of a chromosome are generally collinear, in the sense that loci retain the same order. The sequencing of whole plant genomes allowed the acquisition of important information on the synteny between maps of different species. This means that, in addition to the gene order, the gene composition along the chromosomes and within genomes can also be analyzed.

In the genomes of plants as well as other eukaryotes, the existence of genetic elements, called cis- and trans-genetic modifiers, that are able to regulate meiotic recombination events, has been demonstrated over the years (Wright et al., 2003; Pan et al., 2018). In addition to specific sequences found in the cis-phase within or close to recombination hot spots and corresponding to crossing-over regulatory elements, polymorphic sequences were also found to be dislocated in the trans-phase, probably due to consistent rearrangements such as deletions, insertions, and translocations (Pan et al., 2018) or to changes in the chromatin structure (Choi and Henderson, 2015). These two types of genetic modifiers affect the recombination rate per unit of chromosome physical length and the distribution of the recombination sites on each chromosome (Stapley et al., 2017). In model maize, for example, a non-uniform distribution of recombination events was found in two hotspot regions (a1-sh2 and sh1-bz1) more than 20 years ago (Civardi et al., 1994; Dooner and Martinez-Ferez, 1997). Timmermans and Berg (Timmermans and Berg, 1997) demonstrated the presence of a genetic element, in the region between the loci sh1 and bz1, that locally determines an increase in recombination events without affecting the adjacent regions. Moreover, analysis of recombination along chromosomes 7 and 5 also suggested the presence of heritable factors controlling recombination in these intervals and acting independently and in trans. Since then, tens of novel recombination hot spots have been identified, along with their regulatory elements (Pan et al., 2018).

The fact that the crossing-over processes do not involve random regions along the chromosomes, but instead preferential sites for the establishment of chiasmata and for the exchange of corresponding parts between chromatids of homologous chromosomes corroborated the hypothesis advanced a few decades ago that inheritance depends on the recombination of “chromosomal blocks” and not on the recombination of single genes.

In sexually reproducing species, chromosomal blocks represent the genomic units of hereditary transmission. Therefore, genetic improvement activity acts not on single genes but on chromosomal blocks, namely, complexes of associated genes in the segments resulting from crossing-over. According to this interpretation, each crossover chromosome consists of a succession of blocks of maternal and paternal origin, whose number depends on the number of exchange events that occur between counterparts during meiosis. In each chromosomal block, it is possible to find genes controlling qualitative traits and complexes of polygenes involved in the expression of quantitative characters (QTLs, quantitative trait loci). The improvement of complex characters, controlled by many genes, implies simultaneous and laborious action on more chromosomal blocks (Gitonga et al., 2016). Additionally, the introgression of characters controlled by a single gene requires special attention since the desired gene will be inherited along with the entire chromosomal block of which it is a part. This situation, known as linkage drag, is particularly undesirable, especially if the quality and the quantity of unwanted genetic material that is associated with the gene of interest are unknown (Ward et al., 2017; Li et al., 2018).

The number of chromosomal blocks depends on the number of chromosome pairs and on their exchange frequencies. Both factors, in turn, depend on the species, but it is likely that the number of chromosomal blocks is limited in each genome (Table 3). From a practical point of view, understanding the number of chromosomal blocks on which it is possible to act in a genetic improvement program is crucial. In fact, whereas in pure lines (homozygous at all the loci) as well as in inbred lines, the position of crossing-over has no effect on the associations among genes or the combinations of genes in the gametes, in heterozygous lines, both the gene order in the association groups and the allele composition in the gametes are influenced by the position of crossing-over.


Table 3 | Frequency of recombination events, in terms of number of chiasmata, for model cereal crops and some of the most important horticultural species.



Chromosomal blocks influence the manifestation of heterosis, conditioning both gene action and gene interaction. In 1917, Jones was the first to hypothesize and recognize the role of chromosomal blocks, proposing the dominance theory of associated factors to explain the heterosis phenomenon (Jones, 1917). In genetic terms, this theory relies on the cumulative effect of associated dominant genes in chromosomal blocks. In the following years there was intense debate about the type of gene action, and the heterosis phenomenon started to be considered an expression of real over-dominance (see section below).

To complicate things further, it must be acknowledged that an allele having complete dominance sometimes could also have an additive effect compared to the recessive one (i.e., the phenotypic value of the recessive allele is not always null). Furthermore, the effects of multiple alleles of different loci responsible for the same quantitative character are cumulative at the phenotypic level. Based on these considerations, in 1988 Hallauer and Miranda stated that “heterosis is the result of the cumulative effect of favorable alleles having partial or complete dominance” (Hallauer et al., 2010).




3.2 Dominance and over-dominance theories

As previously mentioned, the first observations and the genetic basis of heterosis have been widely discussed in model maize (Shull, 1908; Bruce, 1910; Jones, 1917). The experimental evidence available at that time with which to formulate genetic hypotheses was substantial: i) heterosis was a consequence of the union between genetically different individuals, and ii) two individuals homozygous for different alleles were able to produce an F1 hybrid showing a phenotypic value than the average one calculated between the two parental lines or equal to the average phenotypic value of the “best” parental line (partial or complete dominance) and in some cases even higher than the average phenotypic value of the best parental line (over-dominance). Two theories based on these hypotheses were therefore advanced to explain the heterotic behaviour. According to the first one, elaborated by East in 1908 and Shull in 1912, a genetically differentiated germplasm could determine a “physiological stimulus directly proportional to the diversity of gametes involved in fertilization”. According to this interpretation, known as the over-dominance hypothesis, heterosis relates to the heterozygosity of the hybrid, which confers an advantage with respect to the homozygous parental lines. In a second hypothesis, heterosis was considered the consequence of the total or partial suppression of a deleterious recessive allele effect, transmitted by one of the parents, through the dominant allele transmitted by the other parent. This interpretation, known as the dominance hypothesis, was formulated by Bruce in 1910, with the following statement: “the effects of deleterious recessive genes could be nullified by a dominance effect in heterozygotes”. It must be recognized that Keeble and Pellew, in the same year, were actually the first to speak explicitly of the dominance hypothesis. Currently, heterosis is considered a biological phenomenon that is extremely difficult to explain in genetic molecular terms, mainly due to its multigenic nature. The classical theories of quantitative genetics formulated around the concepts of dominance and over-dominance were reviewed and refined by Crow (Crow, 1948) and Dobzhansky (Dobzhansky, 1952). According to the original dominance hypothesis, a hybrid displays heterosis when the favourable, dominant allele transmitted by one of the two parental lines masks the effect of the unfavourable, recessive allele transmitted by the other parent. This means that some lines can produce high-performing hybrids, while others can not due to overlapping allelic states (i.e. homozygous at the same loci). According to the over-dominance hypothesis, heterosis is instead attributable to specific allelic interactions at single loci in the hybrid and not possible in the parental lines. The contrast between the theory of dominance and that of over-dominance is not yet resolved. Although the over-dominance theory has become more popular, many researchers have pointed out that the gap (attributable to dominance) between genetic variance measurements and theoretical estimates could instead be due to both over-dominance and linkage disequilibrium between favourable alleles of loci associated in trans (pseudo over-dominance) (Gardner and Lonnquist, 1959; Lonnquist).





4 Study of heterosis with a molecular view

The genetic basis of heterosis has long been debated, but with the advent of the genomic era and new technologies in molecular biology, the tools for establishing its molecular basis are more accessible, allowing us to understand some important evidence. The genetic process of heterosis is complicated, especially that of yield heterosis, because of the numerous loci involved and the potential significance of the cumulative effects of dominance, over-dominance, pseudo-over-dominance, and epistasis (Guo et al., 2014; Huang and Mackay, 2016). These theories have been studied for a century, but despite their limitations, they continue to be a keystone of heterosis research itself.

Studies at the genome, transcriptome and proteome levels in model species have led to unexpected and unpredicted results. Despite the fact that allelic sequences in a particular genome might vary greatly, it was assumed that every gene in one individual should have an allelic counterpart in a different member of the same species. Violations in genetic microcolinearity were reported in model maize and potentially related both to the classification of heterotic groups and to the occurrence of hybrid vigour in this model species. Furthermore, allelic expression variation of fundamental genes has recently been uncovered in maize hybrids. Most of the investigated genes showed differences at the messenger level, ranging from unequal expression of the two alleles (biallelic) to expression of a single allele (monoallelic). Changes in mRNA expression levels and allele-specific transcript ratios are attributable mainly to differences in noncoding DNA sequences (i.e., cis- and trans-acting elements) (Yu et al., 2021). One of the most important findings was that genetically improved modern maize hybrids express both alleles at each locus, whereas less improved old hybrids frequently show monoallelic expression. Interestingly, the two alleles in the hybrids responded differently depending on plant tissue and environmental conditions, suggesting inequivalent functions of the parental alleles in the hybrids. Additional studies on gene dosage effects in either diploids or polyploids revealed that the expression of many genes, both in terms of transcripts and proteins, does not exhibit the mid-parent value expected in the case of additive gene action. Overall, the results indicated that allele dosage effects can play important roles in determining phenotypic diversity and have important impacts on hybrid vigour. Since housekeeping genes that encode metabolic functions usually show a greater degree of dominant/recessive behaviour between allelic alternatives and are believed to be less influenced by dosage effects, it has been argued that dosage effects reflect the dosage dependence of most regulatory genes. Following this train of thought, researchers have proposed that heterosis might be the result of different allele combinations being present at loci that contribute hierarchically to the regulatory networks controlling quantitative traits. With the support of next-generation sequencing (NGS), it is possible to create sizable sequence datasets that can be used for molecular breeding, genetic mapping, gene identification, and genetic diversity analysis as well as to characterize sequence diversity, and, additionally, might be able to provide some answers about the spectrum of genes that show regulated changes in expression patterns in hybrids. Thanks to the rapid advancement of genome sequencing technologies, genome-wide association studies (GWASs) have allowed the identification of gene loci connected to heterosis and associated phenotypes (Huang and Han, 2014).

Despite lots of progress has been made in understanding the phenomenon of heterosis at the genetic and genomics levels, the new molecular omics techniques are still developed and set on major model species (i.e., cereals) and Arabidopsis (Liu et al., 2022). However a recent growing number of horticultural crops have been examined using integrated omics (transcriptome, metabolome, proteome, and epigenome) approaches that are becoming more widely available (Li et al., 2017; Natalini et al., 2021; Pott et al., 2021; Yu et al., 2021). Moreover, the detection of the genomic divergence between the hybrid’s two sets of genomes, which is the cause of heterosis, made easier thanks to high-quality genome assemblies or whole genome resequencing of significant crop accessions (Sun et al., 2018; Zhang et al., 2008; Lai et al., 2010). These characteristics include allelic divergences like single nucleotide polymorphisms (SNPs) and minor insertions/deletions (INDELs), copy number variations (CNVs), and presence/absence variations (PAVs). The identification of heterosis-related loci and the clarification of the selection and integration of superior alleles during hybrid breeding in crops have been accomplished using quantitative trait locus (QTL) mapping or genome-wide association studies (GWAS) based on genome variation in populations (Lin et al., 2020; Huang et al., 2015; Xiao et al., 2021).



4.1 Progress in heterosis research based on QTL analysis

Until a few years ago, due to the limited number of genetic markers available, it was extremely difficult to determine the mechanisms of heredity underlying the transmission and expression of quantitative traits.

The success of molecular breeding for instance, has been greatly attributed to the use of marker-assisted selection (MAS) for many traits related to resistance (Mehraj et al., 2020; Baby et al., 2023). Furthermore, the prediction of high-yielding parental combinations with high levels of heterosis has been investigated to combine agronomic traits utilizing diallel breeding and to learn about yield-related QTLs (Rahman et al., 2022). More loci associated with yield should be discovered as high-throughput genotyping advances, which may promote the use of MAS for F1 breeding. Currently, the availability of genetic maps saturated with molecular markers allows the identification and precise location of the chromosomal regions where those genes that determine a quantitative character reside. Almost all QTLs described in plant species do not reflect a single Mendelian locus but rather a chromosomal tract that is likely to be identified, in all or in part, as a chromosomal block. Moreover, based on recent acquisitions concerning a number of molecular markers closely associated with QTLs in different species, the same chromosomal region is able to control multiple quantitative traits (Paterson et al., 1988; Tanksley, 1993; Melchinger et al., 2000; Morgante and Salamini, 2003).

To create plots of the impacts on a trait and their significance along the linkage groups, it is possible to perform a “one marker at a time” comparison of the mean values for a trait in the different genotypic groups in segregating populations or in GWAS. With this strategy, MAS became a requirement in breeding programs for disease resistance and improved crop quality. Although we can currently score thousands of SNPs, we still primarily study them “one at a time” along the genome. Conducting genome-wide scans for epistatic QTLs, which have little to no effect on a trait but have unexpected results when paired with QTLs at other positions, provides a more in-depth perspective on the examination of complex traits. According to Weinreich et al., epistasis can be characterized as a surprising phenotype when QTLs are combined, given the individual effects of the constituent QTLs (Weinreich et al., 2013).

Results supporting the pleiotropy of some QTL, able to influence two or more different and unrelated characters, suggest that natural selection led to the formation of chromosomal regions with closely associated genes that rarely recombine and that probably determine adaptive and reproductive capacity. The most surprising observation is that for most of the quantitative traits studied the number of QTLs is rather low, between 2 and 18, with an average number equal to 8 (Melchinger, 1999). Since it is unlikely that complex characters (like many quantitative traits) depend on so few genes, it can be hypothesized that in the currently available genetically improved materials many favourable alleles are fixed in all the lines examined. The gene relations evoked to explain the action of the genes included in QTLs range from additivity to dominance and epistasis; it is possible that they all contribute to heterotic manifestations, but it remains a responsibility of molecular biology to clarify the biochemical processes behind these terms. In maize, the identification of a plurality of QTLs that control a single character, made possible by the mapping carried out with the use of molecular markers closely associated with these loci, has highlighted the existence of different genic actions, mainly intralocus due to complete and partial dominance, but also to over-dominance and pseudo-overdominance (Stuber et al., 1992). However, the existence of over-dominance has often been traced to pseudo-over-dominance phenomena, derived from dominant alleles associated in the trans phase (Crow, 1999). Finally, in a limited number of cases, effects of epistasis were found, attributable above all to interactions between alleles of associated loci (Melchinger and Gumber, 1998), and qKWPE9, a mid-parent heterosis QTL regulating yield-related characteristics, was identified (Yi et al., 2019). In rice, the analysis of QTLs using molecular markers has shown that in this species the main genetic basis of heterosis is constituted by dominance, both total and partial: hybrid individuals with heterozygous loci have shown, for the individual quantitative trait examined, a phenotype equal to or intermediate to those of the respective pure parental lines (Xiao et al., 1995). Other additional examples have been described in rice, in which the QTL RH8 played a major role in yield heterosis by affecting spikelet number per panicle and effective panicle number in hybrid rice (Li et al., 2016). Furthermore, GW3p6 was detected as a heterotic QTL with considerable functions in increasing grain yield in rice (Wang et al., 2019). Finally, epistasis has never been detected between the chromosomal regions where strictly associated QTL molecular markers have been mapped. In wheat, another autogamous species, the experimental data on the QTLs acquired using molecular markers suggest that heterosis is compatible with the dominance hypothesis, with interaction effects between genes of associated loci (Pickett and Galwey, 1997).

In addition to cereal crops, important examples are also available in horticultural crops. Recently, Yu et al. (Yu et al., 2021) summarized QTL effects on heterosis based on 35 studies that mainly addressed 6 canonical crops and horticultural species (Yu et al., 2021), confirming that, among the types of QTL effects, dominance and epistasis had equal proportions (19% and 23%, respectively). It is interesting to note that out of all the effects, the over-dominance effect accounted for the highest percentage (42%). This indicates that even though the plant genome has a large number of gene loci, they combine to produce a variety of complicated, challenging-to-replicate effects that lead to heterosis. Of these effects, over-dominance effects frequently occurred and considerably aided in the development of heterosis. Additionally, the tomato market has successfully harnessed the over-dominance effect for artificial breeding (Krieger et al., 2010), and the role of epistasis between two independently segregating homologous MADS box mutations was investigated (Soyk et al., 2017). In addition, most commercial cabbage varieties that are frequently sold on the market are hybrids, as cabbage clearly displays heterosis. The major focus in recent studies on heterosis in cabbage has been on the use of male sterility for hybrid breeding and the relationship of genetic distance with heterosis (Dafna et al., 2021; Yu et al., 2021). Agronomically relevant QTL discovery was the main topic of other papers on cabbage yield. These investigations found 66 and 73 QTLs linked to mid-parent heterosis and transgressive heterosis of twelve yield-related characteristics, respectively (Li et al., 2023).

In fruits and vegetables, yield-related traits are also quantitative traits: in the wild species Solanum pennellii introgressed into the elite inbred line M82, the over-representation of over-dominant QTLs for reproductive traits was observed, while this was not observed for non-reproductive traits (Gur et al., 2004; Semel et al., 2006; Gur and Zamir, 2015; Shiraki et al., 2023). Furthermore, in fruit horticultural species, the yield is directly affected by flowering time, as well described in the tomato system, in which increased yield is regulated by the balance between the antagonistic influences of SFT (a floral activator), and SELF PRUNING (SP, a repressor) (Thouet et al., 2008). Increased fruit output and over-dominance of yield heterosis involving a single gene were observed in plants with sft/SFT heterozygosity and an sp/sp homozygous background (Krieger et al., 2010). For horticultural melon crops, the fruit size and shape traits are the most relevant agronomically important traits, and QTL analysis for both allowed the identification of multiple QTLs in F2 populations derived from crosses between wild and cultivated lines (Diaz et al., 2017; Zhao et al., 2019; Lian et al., 2021), with additive gene action at these QTLs for fruit size (Diaz et al., 2017) and a dominance effect for fruit shape (Fernandez-Silva et al., 2009).




4.2 Differential gene expression and dosage analysis of heterosis

Regarding gene expression in hybrids, two distinct levels can be imagined in relation to the genetic theories previously discussed in this review. In the first model, it can be considered that when two different alleles of a given gene, each transmitted by a parental line, are inherited together in the hybrid, expression is similar to that of one of the homozygous genotypes (complete dominance) or between the expression levels of homozygous genotypes (additivity or incomplete dominance). In the second model, on the other hand, the presence of two different alleles at the same locus leads to their interaction, which is capable of triggering deviant gene expression with respect to that expected on the basis of data from homozygous parental lines (over-dominance). The difficulties listed below appear to be of particular importance for the effects they may have on hybrids among those that arose at the molecular level. What are the levels of transcriptional efficiency and how much do alternative allelic variants of a gene differ from a nucleotide perspective? How functionally advanced are the proteins encoded by the potential allelic variations at a certain locus? Is it possible to say that all alleles are transcriptionally active and capable of controlling the production of proteins with metabolic functions? Or is it more likely that some alleles of particular genes will not be translated or transcribed or that their offspring will not function?

To date, studies of comparative expression between inbred lines and hybrids have been limited to a reduced number of genes and to one or a few organs. For the genetic molecular understanding of the influence of gene expression levels on heterosis, the possibility of evaluating a number of genes representative of the entire genome and several vegetative and reproductive organs at different levels of development is crucial. The experimental challenge is to define which changes in gene expression are crucial to promote the heterozygote advantage. Since the characters that indicate heterosis in hybrids are under complex genetic control and only rarely increase more than twice in terms of phenotypic value, relatively modest changes in many genes can play an important role compared to substantial changes in a few genes (Birchler et al., 2003). Significant in this regard are also the data that are accumulating on the structure of the genome that highlighted unexpected differences between crossed materials. For example, the comparison of the genomic structure of the locus bronze1 (Bz1) in several maize inbred lines showed that the intergenic regions contain different types and combinations of transposons and retrotransposons, that are in different positions. This comparison also showed that inbred lines are different in terms of gene composition: several loci of a line present genes not found at the corresponding loci of another line, thus violating intraspecific collinearity (Fu and Dooner, 2002). Brunner et al. (Brunner et al., 2005), through genomic comparison of the genetic content of BAC allelic contigs related to the inbred lines B73 and Mo17 documented the degree and type of intraspecific diversity existing in maize and reported that the polymorphisms involve at least 10,000 sequences and are mainly due to DNA insertions. This work also showed that the corn genome is constantly evolving because certain transposable elements are capable of causing variations at the level of the coding regions and at the level of the regulatory regions through duplication mechanisms of single genes and integration of portions of different genes.

Taking into account these new acquisitions, in addition to an effect due to gene dosage as a possible hypothesis underlying heterosis, another possible hypothesis for maize is based on the existence of regulatory regions in transposons and retrotransposons able to provide ample and diversified possibilities for gene expression and/or to determine gene silencing due to the presence or absence of repeated sequences. Acquired data on gene expression indicate that in F1 hybrids the transcript level of many genes is significantly different from the average of the transcript levels observed in the corresponding parental lines (Osborn et al., 2003; Song and Messing, 2003). Similar data were also found for the level of proteins (Romagnoli et al., 1990; Leonardi et al., 1991), demonstrating that in the hybrid, substantial changes actually occur with respect to the inbred lines. In maize, expression analysis of a dozen genes coding for endosperm zeins has shown in most hybrids a level of gene expression twice as high as or lower than the average level of parental lines (Romagnoli et al., 1990). Similar results were obtained in maize by Guo et al. (Guo et al., 2003), who studied the expression profiles of thousands of genes in the endosperm. More recently, analyses carried out on the expression of 30 genes in maize hybrids confirmed that a substantial proportion of these genes do not show transcription levels attributable to an additive model and that in hybrids the expression of genes is frequently repressed or enhanced (Auger et al., 2005).

In pepper, a comparison between transcriptomes derived from parental and F1 lines at the seedling and blooming stages, has shown that non-additive gene expression, i.e., over-dominance, underdominance, high-parental dominance, and low-parental dominance, is the most common effect. Additionally, “primary metabolic process,” “photosystem,” “phosphotransferase activity,” and “kinase activity” were revealed to be overrepresented in the DEG analysis between the F1generation and its parental lines utilizing gene ontology (Shu et al., 2021). Furthermore, in both the seedling and flowering stages, different noncoding RNAs, including miRNAs, long noncoding RNAs, and circular RNAs, were detected in F1s compared to the parental lines, indicating their connection to heterosis (Shu et al., 2021) and suggesting that epigenetic variation might be associated with heterosis (Miyaji and Fujimoto, 2018; Tonosaki et al., 2023).

In clonally propagated horticultural crops, such as potato, sales of seeds are not major, and F1 varieties have not been developed, leading limited heterosis studies. However, strategies through seed sales of potato (hybrid seeds) are also being considered for this kind of crop (Zhang et al., 2021; Li et al., 2022). The reciprocal hybrids from the heterosis study of homozygous diploid potato parental lines showed heterosis in vegetative size, grow size, and tuber yield (Li et al., 2022). A metabolome investigation using the same tissues revealed non-additive accumulation of metabolites that varied among the three tissues. Transcriptome analysis utilizing seedling leaves, flowers, and growing tubers revealed that 4–15% of genes were non-additively expressed. Mid-parent heterosis in seedling leaves and flowers was positive for primary metabolites, whereas it was negative for secondary metabolites. Both primary and secondary metabolites in tubers showed negative mid-parent heterosis (Li et al., 2022).

The expression levels of the sucrose synthase sh1 (Shrunken1) and cyclin δ3 (Cyclin delta-3) genes in inbred lines and their hybrids are reported. Adams et al. (Adams et al., 2003) also highlighted unequal contributions of parental genomes in newly synthesized cotton allopolyploids, suggesting that when two different genomes are combined together in a hybrid, the gene expression levels are not predictable based on their expression levels in parents. Guo et al. (Guo et al., 2004) studied mRNA levels transcribed by specific alleles in seedlings and immature ears of corn hybrids at different developmental times, under normal and water stress conditions and under different cultivation densities. Among the 15 genes studied, 11 showed significant differences in mRNA levels, ranging from the unequal expression of the two alleles (biallelic expression) to the expression of a single allele (monoallelic expression). Maternal or paternal origin did not influence, or only modestly influenced the ratio between the number of transcribed alleles. One of the most important results of this study is the one that emerged from the comparison between hybrid varieties developed at different times: more modern hybrids, deriving from intense genetic improvement activity, almost exclusively showed biallelic-type expression, while the older ones frequently showed monoallelic-type expression. Even more interesting are the results found under the different abiotic stress conditions (density and drought): in hybrids, the two alleles at different loci always showed different expression (Guo et al., 2004).

Gene dosage can also play a key role in heterotic expression. Studies of the expression levels of nuclear and mitochondrial genes in maize aneuploids showed consistent effects on quantitative traits (Lee et al., 1996; Auger et al., 2001). Regarding this point, the comparison between what happens in diploids and in polyploids, in particular newly synthesized autopolyploids, can be very interesting. Polyploidy, as a general effect, leads to an increase in gene expression levels in proportion to the gene dosage conferred by the level of ploidy, as has been demonstrated for many genes in corn euploid series (monoploid, diploid, triploid and tetraploid) (Osborn et al., 2003). In diploids, the consequences of gene dosage were analyzed for many developmental regulatory genes, such as those that control plant architecture (tbl in maize), fruit size (fw2.2 in tomato) and flowering time (FLC in Arabidopsis and Brassica). Overall, the results achieved suggest that gene dosages play a key role in controlling quantitative traits. Dosage effects were observed in heterozygous genotypes that exhibit intermediate levels of gene expression and phenotypic expression compared to homozygous genotypes characterized by null or very low expression and high expression. Therefore, in the case of genes affected by the number of copies, polyploidy can increase the potential variation in their expression levels and, consequently, the phenotypic expression of the corresponding characters. The three possible genotypes at the diploid level contrast with nine possible genotypes at the tetraploid level. Additionally, the phenotypic effects increase from three in the diploids to five in the tetraploids (the marked genotypes to which each of the diploid genomes contributes two alleles (A/a and A’/a’) could be fixed in autogamous species with tetraploid disomic heredity). This phenomenon could also not widen the range of phenotypic variation with respect to diploids, although in polyploids, it is possible that the highest and the lowest gene doses give rise to even more extreme antagonistic phenotypes, but what counts is the creation of more intermediate phenotypic classes some of which could have a selective advantage. In theory, both autopolyploids and allopolyploids can benefit from this effect, although the intermediate genotypic classes would be stabilized in polyploid disomic heredity and not in of polysomic inheritance, only in the presence of an autogamous reproductive system. A clear dosage effect was also found by studying the expression profiles of thousands of genes in maize endosperm. Data showed that the level of gene expression in the endosperm triploid tissue is mainly dependent on the dosage since, from a quantitative point of view, transcript levels reflect the genomic contribution of the parents, showing a maternal versus paternal ratio of 2:1. However, about 8% of the genes analyzed showed significant deviations, showing non-additive expression. In hybrids, the expression levels of these genes were very similar to those observed in one of the two parental lines. Furthermore, genes with expression levels similar to those of the mother were clearly superior to genes with expression levels similar to paternal ones (Guo et al., 2003). If heterosis in polyploids is truly conditioned by gene dosage effects at a number of loci, these data could also be related to what happens in diploids since many of the loci for quantitative characters show an absence of dominance or semi-dominance effects (Tanksley, 1993). This means that the heterozygous genotype for a specific QTL shows a phenotype different from that of the two homozygotes and closer to that one or the other homozygote, although it has been shown that most of the time the heterozygote has an intermediate value between the two homozygotes. The modulated gene expression variation due to dosage effects in combination with the creation of allelic variants is considered responsible for the expression of new and more advantageous characters in polyploids (Osborn et al., 2003).




4.3 Epigenetic effects and heterosis

Experimental evidence suggests that, in addition to the genetic basis for heterosis, epigenetic and other non-genetic processes may also play an important role. Epigenetics is defined as the study of heritable changes in gene expression that do not depend on an organism’s genotype but rather on changes to the chromatin structure and/or the post-transcriptional process. In particular, DNA methylation-, histone modification-, and small RNA (sRNA)-related pathways are the main mechanisms that lead plants to translate their genotype in distinct directions (Rehman et al., 2021). However, the majority of current research on potential connections between epigenetics and heterosis is based on statistical correlation models without a detailed explanation of the mechanisms at play. Since it would take some effort to accurately determine how epigenetics contributes to heterosis, this offers an intriguing area of study for plant breeding science.

To understand the epigenetic impact of the alterations in gene expression levels in F1 hybrids and their parental lines, global DNA methylation analysis and sRNA profiling are frequently used. The relationship between DNA methylation and heterotic effects in F1 hybrids has been confirmed in a number of studies, observing higher overall levels of DNA methylation in F1 hybrids than in their parents (Chen, 2013; Greaves et al., 2015). In model Arabidopsis, the role of epigenetic control in the expression of heterosis was demonstrated by using epiRILs with altered levels and distributions of DNA methylation along the genome: in F1 hybrids, these epigenetic modifications alter biological processes and phenotypic features such as blooming, fruiting, yield, energy, metabolism, and biomass, and light and hormone signalling (Zhang et al., 2016). Additionally, one study showed that a great majority of cytosine methylation sites in maize parental lines had changed in their hybrids, confirming the possible relevance of methylation-pattern remodelling for heterosis in major crops (Hochholdinger and Hoecker, 2007). Additional investigations on several other major crop plants further supported this hypothesis, and a strong correlation between cytosine methylation patterns and genetic expression changes among both rice hybrids and their inbred parental lines was also observed (He et al., 2010). The methylation of DNA can be directly driven by sRNA molecules that participate in the RNA-directed DNA methylation (RdDM) pathway, post-transcriptional silencing, and transcriptional silencing. To silence transcriptional genes, 24 nucleotide sRNAs target adjacent regions for DNA methylation (Melnyk et al., 2011). Several reports supported the hypothesis that these multi-functional sRNAs might also be involved in heterosis manifestation, since their accumulation in hybrids of model species was significantly lower than that in parents, correlating to decreased methylation patterns (Groszmann et al., 2011). This correlation was confirmed in many independent studies carried out on wheat, maize and rice, in which sRNA accumulation analysis showed significant variation in sRNA amounts between hybrids and their respective parental lines (Chen, 2010; Chodavarapu et al., 2012; Kenan-Eichler et al., 2011). However, the specific methylated regions and the mechanisms influencing hybrid performance remain unclear and have become a stimulating topic to be explored in horticulture research.

In addition, studying the relationship between histone modification and heterosis is particularly challenging because of its complexity. To date, the well-known genome of the model Arabidopsis has been the focus of the most prominent investigations of the potential impact of histone modification on heterosis. By observing Arabidopsis F1 hybrids’ circadian clock and associated genes, it was discovered that the transcription of these genes changed in association with histone modifications. Plants that successfully maintain synchronization between their internal circadian cycle and their environment are more robust than those that do not (Kim et al., 2017). Further studies on crop plants, especially the cereal models maize and rice, have also been performed to confirm the relationship between histone modification and heterosis in addition to the evidence from Arabidopsis investigations. For example, maize F1 hybrids showed significant expression variations in histone mark patterns compared to their parental inbred lines, providing a starting point for the investigation of specific histone modifications regulating crop hybrid performance (Jahnke et al., 2010). In rice, using high-throughput ChIP-Seq, the marks H3K4me3, H3K9ac, and H3K27me3 were analysed in the ‘japonica’ and ‘indica’ subspecies and their F1 hybrids, confirming differential enrichment of H3K4me3 and H3K27me3 between the hybrids and their parents (He et al., 2010).




4.4 Regulatory factors, regulatory networks and heterosis

The expression and transcriptional regulation of most genes are controlled by a complex network of regulatory factors, such as transcription factors. In general, the control mechanism can be positive or negative depending on whether the product of the regulatory gene is able to promote or suppress the expression of one or more structural genes. In particular, the modulation is deeply influenced by regulatory factors, which are real transcription factors that exert their effect directly on the activity of RNA polymerase or other regulatory proteins by recognizing specific DNA sequences. When a regulatory factor is able to promote the binding of generic transcription factors and that of RNA polymerase with the specific region of the promoter, intensifying the level of transcription, it is called a transcription activation factor. Otherwise, if the intervention of the regulatory factor induces a transcription silencing, it is called a transcription repression factor. In plants, there are numerous genes encoding transcription factors, that are required for the initiation of transcription by one of the RNA polymerases or regulatory transcription factors, involved in transcription intensification or repression. The number of regulatory factors that act in diploids is high, although lower than that of regulatory factors that act in polyploids. The complexity of regulatory factors is certainly greater in heterozygotes than in homozygotes. This complexity increases, for example, three times for the regulatory factors corresponding to dimeric proteins (for example, A1A1 or A2A2 in the inbred lines versus A1A1, A1A2 and A2A2 in hybrids). The action and interaction of regulatory factors, each of which is encoded by a distinct gene and acts on the level of expression of fundamental genes in a hierarchical manner, are different in homozygotes compared with heterozygotes. The functioning of regulatory networks in hybrids depends on how the factors encoded by the individual genomes interact between them: it is likely that this activity in the hybrid genome is quite modified compared to that in the single parental genomes and that the changes are more marked in hybrids produced by crossing genetically divergent inbred lines. The typical homozygous condition of inbred lines can simplify the operation of these networks due to the presence of alleles identical at many loci. In hybrids the functioning of regulatory networks should be less prone to alterations when inbred lines are genetically similar. However, the overall effects on gene expression are difficult to predict since some regulatory factors act as promoters and others as inhibitors of gene expression. Today, it is believed that interactions between regulatory factors play an important role in the vigour increase associated with heterozygosity. Both diploids and polyploids have specific mechanisms for maintaining high levels of allelic variability at individual loci: in both cases, in fact, the overall vigour of the plants is positively correlated with heterozygosity or with the diversity of the genome. Some authors hypothesize that the expression model found in hybrids is not additive because of the interaction of regulatory factors encoded by different alleles inherited from single parental genomes, which results in new levels of expression of those genes under their control in the heterozygous condition (Hammerle and Ferrus, 2003; Auger et al., 2005).

Based on the information acquired so far, it is believed that the combination of divergent genomes of the same species (Zea mays) or of different species of the same genus (Drosophila) may determine alterations in regulatory genes with consequent modulations of the expression of fundamental genes. Changes in gene expression may be due not only to allele dosage effects (Lee et al., 1996; Auger et al., 2001) and/or allele interactions (Osborn et al., 2003) of regulatory genes, but also to effects related to specific trans-acting elements that are able to act on the expression of most of the genes of a given genome (Guo et al., 1996; Birchler et al., 2001), as demonstrated by studies conducted in aneuploids (Birchler and Newton, 1981; Matzke et al., 2003). It can be hypothesized that the reduction in gene expression usually observed in monosomic and trisomic lines represents a detrimental factor for the vigour responsible for the phenotypic alterations associated with aneuploidy. Most of the regulatory genes show action strongly conditioned by allelic dosage effects, while their target genes usually show normal dominance/recessive relationships between the possible allelic variants (Birchler et al., 2003). A possible explanation for the dichotomy between dominance relationships and dosage effects is provided by analyses conducted on yeast genes whose expression is conditioned by the number of copies (Papp et al., 2003). The genes that at the haploid level exert insufficient action for the development of cells encode for polypeptides that participate in the formation of functional molecular complexes under diploid conditions. In plants it is known that genes with regulatory action very often preside over the synthesis of polypeptides that form of protein complexes composed of by multiple subunits. Based on several experimental observations, it can be assumed that even in multicellular organisms regulatory genes exert action dependent on their dosage, and the constitutive genes that control metabolic functions are less conditioned by dosage effects (Birchler et al., 2001). Consequently, the manifestation of quantitative traits could be controlled to a large extent by a plurality of loci whose action is dependent on the dosage. According to this hypothesis, heterosis is determined by the efficiency of specific alleles of regulatory genes, which in turn control the expression of the genes at the QTL most directly responsible for the expression of quantitative characters (Birchler et al., 2003). One aspect that has recently been considered concerns the inactivation of maternal and/or paternal alleles during gamete formation (genomic imprinting). The molecular mechanism that controls this phenomenon in maize is believed to be responsible for the quantitative deviations of some gene transcripts in hybrids with respect to those in the parental lines (Guo et al., 2003). Variations in the allelic expression of autosomal genes, which are not attributable to genomic imprinting, have recently been documented in mouse hybrids (Cowles et al., 2002). These variations in transcript levels, considered to be real regulatory mechanisms, have been attributed to polymorphisms found in intergenic regions, mostly differences in non-coding DNA sequences, while epigenetic phenomena have not been observed. At present, it is believed that the nucleotide differences present in the regulatory region of a gene may condition the expression pattern and be the cause of the variation at the phenotypic level (Knight, 2004). In conclusion, considering the overexpression of many fundamental genes, such as housekeeping genes, as hypothesized by Birchler et al. (Birchler et al., 2003), heterosis could be traced back to the action of regulatory genes or to the alteration of regulatory networks (Song and Messing, 2003).

In addition to regulatory factors, there are numerous physiological factors that also contribute to the heterosis phenomenon (Birchler et al., 2003; Chen, 2013; Fujimoto et al., 2018). Among these, hormone balance has been invoked to explain heterosis. Plant hormones are the master regulators of plant architecture and function. In particular, there is substantial evidence demonstrating that gibberellins (Gas) are the most prominent factors related to heterotic phenotypes that manifest themselves in shoot growth, regulation of stem elongation, flowering development, and leaf senescence. This association has been deeply revised for many crops (Zanewich and Rood, 2020); however, at present, the research is still focused on model species, and little information is available for horticultural crops.

Numerous investigations of F1 hybrids, in which genes putatively involved in heterosis were modulated, revealed altered phytohormone-related pathways (Shen et al., 2017), as observed in the cases of commercial crops such as rice (He et al., 2010), maize (He et al., 2012), and Brassica (Shen et al., 2017). The influence of the phytohormone GA on hybrid vigour has been largely investigated in maize, in which it was shown that hybrids have a higher GA content than their inbred parents. For maize, Zanewich and Rood (1988) discovered in their studies on shoot growth that hybrids had higher levels of endogenous Gas than their parental inbred lines, confirming an influence of phytohormones on heterosis. Additionally, the authors reported that a lack of endogenous GA prevented the inbred lines from growing normally, which could result in inbreeding depression. This direct correlation between GA levels and heterosis was also observed in other agronomically important species, such as sorghum, even if the effects were not as pronounced as those in maize. In addition, analogous observations, in terms of a more rapid shoot growth rate in hybrids than in inbred lines due to a higher content and altered metabolism of GA, have been reported in other plant species (e.g., poplar) (Stuber, 1997). Additionally, in wheat hybrids, higher GA4 levels were observed, demonstrating that the increased elongation of the uppermost internode contributed mostly to the heterosis in plant height (Zhang, 2007).

The expression regulation of plant hormone-related genes and their putative involvement in developmental processes was investigated in Brassicaceae (Kong et al., 2020). Up- and downregulated DEGs associated with ABA, auxin, ethylene and GA in commercial Chinese cabbage hybrids were identified. Previous research revealed that reduced expression of genes related to defence-responsive plant hormones may contribute to heterosis by lowering the energy cost for defence and allocating resources to plant growth (Gonzalez-Bayon et al., 2019). In particular, the ABA-responsive gene ABF4 (BraA03g038820.3C), upregulated in the hybrid, was identified to be expressed in guard cells of Arabidopsis (Na and Metzger, 2017), while it was noted that the increase in PYL8 (BraA02g014770.3C) expression mediates responses such as stomatal closure that result in poor transpiration during drought conditions (Lim et al., 2013). The upregulation of GASA6 (BraA02g022450.3C), GA3OX1 (BraA06g011600.3C), GAST1 (BraA01g040480.3C) and GA2OX8 (BraA02g011510.3C) was also observed in cabbage hybrids relative to their parents. It was found that changes in the leaf cells due to hormonal variations at early stages of development may lead to a continuing increase in leaf size in F1 hybrids of cabbage, and this property could be important in driving the increased biomass of the hybrid compared with those of the parents (Saeki et al., 2016).

Finally, changing the expression peaks of circadian clock genes may also have an impact on other biological pathways, such as those that regulate the expression of phytohormone signalling genes, which are altered in plant allopolyploids and hybrids (Chen, 2013).





5 Perspectives and conclusions

Over time, a sizable amount of literature on heterosis has been developed, the majority of which is difficult to exhaustively portray and comprehend. Since the beginning of the 20th century, when the first hypothesis for the heterosis phenomenon was formulated, this topic has been a constant in international research, although the focus has been, for a long time, on its implications in agricultural practices rather than on elucidating its scientific basis. Scientists could not get beyond the enunciation of genetic theories, dominance and over-dominance in the first place, simply trying to describe hypothetical processes rather than explaining their biological and molecular fundamentals without knowing the mechanism of action and interaction of the genes.

Although the understanding of heterosis applies mainly to model cereal crops, like such as rice and maize, with the introduction of new molecular approaches based on genome-wide techniques, it has been possible to expand this knowledge to the horticultural species. There are several reasons why exploiting heterosis in vegetable crops is important since their productivity and quality can be increased via exploitation of this phenomenon, which also strengthen plant tolerance to biological and environmental challenges. Vegetable crop plants are critical for human health and their yield improvement results are crucial. Heterosis has played and will continue to play a part in meeting this demand: new F1 varieties have been developed on the basis their heterotic vigour, and several vegetables currently have a significant market share held by F1 types. Other types of F1 hybrids, such as interspecific and intraspecific hybrids obtained by crossing parental lines within the same genus, are frequently utilized in crop breeding. In contrast to intra-subspecies crossings and given the greater genetic distance of their parents, interspecific or inter-subspecies hybrids may exhibit higher heterosis. Interspecific hybrids have more vegetative biomass, but the features of the two original species are usually different enough that it is challenging to establish criteria for heterosis estimation. However, there may be significant opportunities for greater yield potential through interspecific or inter-subspecies crosses.

The efficacy of molecular breeding has been demonstrated, and through marker-assisted selection strategies, it has been used to exploit resistance genes for reducing disease susceptibility in crops, for instance, or for identifying the suitable parentals carrying genomic and phenotypic traits of interest, yield, for breeding new progenies. There is now a wealth of knowledge regarding the diallelic breeding method for combining agronomic characteristics and yield-related QTLs. As high-throughput genotyping approaches are being developed, more loci associated with phenotypic traits will probably be discovered, which could encourage the use of MAS for F1 hybrid breeding, including in horticultural species.

Integrated transcriptome, metabolome, proteome, and epigenome (omics) analyses were carried out that provided new information in numerous vegetable crops, even if the analysed stages and tissues have inevitably impacted the obtainable transcriptomic profiles. However, these multi-omics analyses have provided insight into heterosis and facilitates the exploitation of heterosis not only in breeding of major model crops, but also in the new frontiers in horticulture research. In fact, the characterisation with the other omics techniques could be crucial in helping uncover useful biomarkers of heterosis, as the proteome and metabolome could better reflect the plant phenotype than its transcriptome. Furthermore, the level of tissue and stage variation in the horticulture crops’ epigenomes is still largely unknown, but there is some indication that epigenetics play a consistent role in heterosis, and for this reason, future research should be focused on comprehending this molecular aspect of heterosis. Currently, it is thought that heterosis is the direct consequence of the interaction between genomes that results in intricate changes at the genetic, epigenetic, biochemical and regulatory network levels. The association between the genetic hypotheses and the molecular processes leading to heterosis will likely be clarified in the coming years as a result of a knowledge of the connections between various multi- and trans-disciplinary investigations. Thus, current developments in novel genetic and genomic technologies are expected to increase our understanding of the intricate relationship between the structural organization of the genome, its gene expression, and the resulting phenotype.
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Species N. of chiasmata® (range)

Total Mean

Brassica oleracea 12.8-14.8 29.6 3.3
Lactuca sativa 14.6-20.7 28.1 3i
Pisum sativum 10.3-18.1 V 293 24

Solanum
tuberosum 13.2-14.1 207 L7
Hordeum vulgare I 13.5-15.6 | 227 32
Oryza sativa 18.9-27.6 36.7 3.1
Zea mays 17.4-25.0 358 3.6

“from Chapter 17. Expanding genetic maps: reevaluation of the relationship between
chiasmata and crossovers (B.S. Gill, KS. Gill, B. Friebe and T.R. Endo) (Gill et al, 1997).

The number of chiasmata observed at cytological level, total crossing over events determined
at molecular level and the average number of blocks for each chromosome are all reported.
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Heterosis Over Parents (%)

Species/Reproductive system . Trait/s Reference
Min a\Ye] Max
Allogamous
8.8 45.8 120.9 Yield (dt/ha)
Rapeseed (Basunanda et al., 2010)
-34 -0.8 19 Thousand seeds mass (g)
9.3 224 36.5 Root weight (g)
Radish (Singh et al,, 2018)
10.2 215 335 Marketable yield (t/ha)
443 535 56.7 Total yield (kg/m?)
Carrot (Jagosz, 2011)
-15.0 7.3 362 Nitrates (mg KNO3/kg fw.)
Partially allogamous
226 652 119.6 Total dry seed yield (g)
Fava Bean (Obiadalla-Ali et al., 2015)
52 227 06 Weight of 100-seeds (g)
16 18 20 Leaf length (cm)
Chinese cabbage (Saeki et al., 2016)
15 19 22 Fresh weight (mg)
Autogamous
Common Bean 1.1 54 10.4 Zinc content (mg/kg of DM) (da Rosa et al.,, 2010)
-16.2 285 272.8 Fruit Weight (g)
Eggplant (Kaushik et al., 2018)
-27.9 37.8 2527 Yield (kg/plant)
1.8 42 7.4 Average fruit weight (g)
Tomato (Moustafa et al., 2006)
23 244 44.5 Total fruit production/plant (kg)
15.9 189 224 Yield (kg/ha)
Soybean (Burton and Brownie, 2006)
7.2 7.6 8.1 Seed weight (mg/seed)
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Recombination events

Chromosome Size (Mb)? Length (cM)*
Mean* Variance

Cho1 3.62 3.59 107.20 160.10
Ch02 2.78 3.77 ‘ 84.80 125.00
Cho3 ‘ 302 385 83.60 138.50
Choa 251 I 413 ‘ 7740 107.00
Chos 242 297 7240 111.20
Chos 163 1.93 56.10 7120

Cho7 233 3.07 74.80 103.80
Chos 232 3.08 62.50 103.80
Choo 265 2.69 7540 122.80
Ch1o 242 240 77.60 103.50
Chl1 2.58 5.40 60.20 111.90
Ch12 2.56 4.00 68.00 103.40
total 30.82 40.86 900.00 1362.40

*The tomato genome sequence provides insights into fleshy fruit evolution (the tomato consortium 2012).
'Sequencing-Based Bin Map Construction of a Tomato Mapping Population, Facilitating High-Resolution Quantitative Trait Loci Detection (Gonda et al, 2019).





