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Abstract

Information on combining ability and heterosis of parents and crossings is crucial in breeding efforts. Genetic variety is crucial to the effectiveness of yield 
improvement efforts because it helps to broaden gene pools in any given crop population. The genotype's ability to pass the intended character to the offspring is referred 
to as combining ability. As a result, information on combining ability is required to determine the crossing pairs in the production of hybrid varieties. Heterosis is the 
expression of an F1 hybrid's dominance over its parents in a given feature, as measured not by the trait's absolute value, but by its practical use. To put it another way, 
heterosis is defi ned as an increase in the character value of F1 hybrids when compared to the average value of both parents. A plant breeder's ultimate goal is to achieve 
desirable heterosis (hybrid vigor). In a variety of crop species, heterosis has been widely employed to boost output and extend the adaptability of hybrid types. A crucial 
requirement for discovering crosses with signifi cant levels of exploitable heterosis is knowledge of the quantity of heterosis in different cross combinations. Any crop 
improvement program's success is contingent on the presence of a signifi cant level of genetic diversity and heritability. The lack of a broad genetic foundation is the most 
signifi cant constraint to crop improvement and a major bottleneck in breeding operations. Heterosis is a critical factor in hybrid generation, particularly for traits driven by 
non-additive gene activity. To get the most out of heterosis for hybrid cultivar production, germplasm must be divided into distinct heterotic groups. Similarly, knowledge 
on genetic diversity is critical for hybrid breeding and population improvement initiatives because it allows them to analyze genetic diversity, characterize germplasm, 
and categorize it into different heterotic groupings. In general, general combining ability is used to detect a line's average performance in a hybrid combination, whereas 
specifi c combining ability is used to fi nd circumstances where defi nite combinations perform better or worse than expected based on the mean performance of the lines 
involved.
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Introduction

Combining ability analysis is one of the most effective 
methods for determining the fi nest combiners for use in crosses, 
whether to exploit heterosis or to accumulate productive genes 
[1]. It also aids in the understanding of the genetic architecture 
of distinct traits, allowing the breeder to build an effective 
breeding plan for future material improvement [2]. True 
understanding of genetic characteristics for various features 
is helpful in deciding on an acceptable breeding system, and 
estimations of general and specifi c combining ability can 
help with parent selection. The ability of parents (GCA) and 
hybrids (SCA) to combine traits is used to reveal the nature 
of gene activity involved in the inheritance of features [3]. 

Combining ability analysis is particularly important in cross-
pollinated crops since it aids in the identifi cation of probable 
inbred parents for hybridization. Such research also aids in 
determining the nature and amplitude of various types of gene 
action infl uencing the manifestation of quantitative economic 
features [4].

There are two types of combining abilities examined in 
biometrical genetics: General Combining Ability (GCA) and 
Specifi c Combining Ability (SCA) (SCA). General combining 
ability is a measure of additive gene activity that relates to 
the average performance of a genotype in a series of hybrid 
combinations, whereas specifi c combining ability is the 
performance of a parent in a specifi c cross in reference to general 
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combining ability [5]. Plant breeding strategies that result in 
hybrid selection require a certain level of heterosis as well as a 
specifi ed combining capacity [6]. Within a breeding population, 
the relative impact of additive (GCA) and non-additive (SCA) 
gene activity is critical in determining which breeding strategy 
will most effectively improve the performance of the traits of 
interest [7]. General combining ability is linked to the genes' 
additive effects, whereas specialized combining ability is linked 
to the genes' dominance and epistatic effects (non-additive 
effects). However, Rojas & Sprague [8] found that, in addition 
to dominance and epistasis, SCA variation includes aberrations 
due to genotype-environment interactions.

General and specifi c combining ability impacts, as well 
as breeding for hybrid and open-pollinated types, are crucial 
markers of the potential inbred lines in hybrid combinations. 
Breeders face the challenge of selecting parents and crosses for 
both quantitative and qualitative qualities in crop development 
initiatives. Plant breeders typically utilize combining ability 
tests to analyze the nature of gene action involved in the 
inheritance of specifi c traits and to evaluate parental lines for 
their usefulness in crosses. Crop yield increase necessitates a 
thorough understanding of the combining capacity of available 
parents for hybridization programs, as well as the nature 
of gene action involved in the expression of economically 
important quantitative features [9,10]. The additive portion 
of the total variance is included in the variance for general 
combining ability, whereas the non-additive fraction of the 
total variance is included in the variance for specifi c combining 
ability, which is caused by dominance and epistatic deviations 
[9,11]. Specifi c combining ability is a key measure of an inbred 
line's ability to produce superior hybrid combinations [12].

For further crop improvement, understanding the extent 
and pattern of variability, particularly genetic variability, 
present in a population of a given crop is critical. This knowledge 
would aid in the development of an effective breeding strategy 
for further genetic improvement of crop plants in terms of 
yields and other traits. Exploiting genetic heterogeneity in any 
crop species is thought to be vital for improving grain yield 
and other economically signifi cant features genetically [13]. 
Heterosis has been extensively studied and used to improve 
various quantities and quality features in many crops [14]. For 
the development of a good commercially viable crop variety, 
heterosis and combining ability are required. Information 
on heterotic patterns and combing ability across germplasm 
is critical for maximizing hybrid development effectiveness 
[15]. In crop breeding, the phenomenon of heterosis has been 
extensively explored, resulting in large yield increases. When 
the parents come from separate populations of the same 
species, it's called heterosis; when the parents come from 
other species, it's called hybrid vigor [16].

Heterotic groups should be employed as the basis for 
cross-breeding, according to Melchinger and Gumber [17]. The 
heterotic group is a population with a lot of genetic variation 
and a lot of combining ability that is categorized based on 
breeding criteria. Heterosis is a complicated biogenetic 
phenomenon that manifests itself in the performance of hybrid 
offspring as a result of a combination of numerous elements. 

The dominance and overdominance theories, which are based 
on allelic interactions, and epistasis, which is based on non-
allelic interactions, are two classic hypotheses for the genetic 
mechanisms underlying heterosis. Heterosis is a phenomena 
in which the offspring of different types of a species or crosses 
between species have higher biomass, development speed, 
and fertility than both parents. Heterosis is a critical factor in 
hybrid generation, particularly for traits driven by non-additive 
gene activity. When related or unrelated genotypes from the 
same or separate populations are crossed with genotypes 
from other genetically distinct germplasm groups, they show 
similar combining capacity and heterotic response. As a result, 
heterotic grouping is the process of identifying germplasm 
groups that are genetically unique but yield superior hybrids 
when crossed. Heterotic patterns have a signifi cant impact 
on crop improvement because they infl uence the type of 
germplasm utilized in hybrid breeding programs for a long 
time (Melchinger and Gumber [17].

To get the most out of heterosis for hybrid cultivar 
production, germplasm must be divided into distinct heterotic 
groups. Similarly, knowledge on genetic diversity is critical 
for hybrid breeding and population improvement initiatives, 
as it allows them to analyze genetic diversity, characterize 
germplasm, and divide it into heterotic groups [18]. Heterotic 
groups are made up of genotypes that do well when mixed with 
genotypes from another heterotic group [19]. Plant breeders 
have been classifying germplasm into separate heterotic 
groupings and identifying acceptable parents for crosses using 
genetic and morphological performance [20,21]. To get the most 
out of heterosis for hybrid cultivar development, it's crucial to 
divide germplasm into separate heterotic groups. Similarly, 
knowledge on genetic diversity is critical for hybrid breeding 
and population improvement initiatives because it allows them 
to analyze genetic diversity, characterize germplasm, and 
categorize it into different heterotic groupings [18]. Heterotic 
groups are made up of genotypes that cross well with genotypes 
from another heterotic group [18]. Plant breeders have been 
classifying germplasm into separate heterotic groups and 
identifying acceptable parents for crosses based on genetic and 
morphological performance [20,21].

A need for producing meaningful heterotic patterns among 
germplasm lines is the effi ciency with which germplasm lines 
are assigned to heterotic groups. The discovery of unique 
heterotic groups should aid in the generation of exceptional 
hybrids and increase the effi ciency of hybrid development 
programs [22]. Genetic distance estimates are essential 
because they aid in the assignment of genotypes to heterotic 
groups in hybrid formation resulting from various inter-group 
crossings [22]. Information on genetic diversity and heterotic 
groups is particularly valuable to both inbred line development 
and plant breeders in terms of utilizing their germplasm more 
effectively and consistently by utilizing complementing lines 
that maximize the outcome of hybrid breeding operations 
[23]. As a result, the review's goals were to better understand 
the function of combining ability and heterosis in crop plant 
improvement through the development of new superior hybrid 
varieties that maximize crop plant genetic production potential.
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Literature review

Combining ability in crop improvement: The breeding 
utility of parental lines to produce hybrids is referred to as 
combining ability. It aids in the selection of parents and their 
use in breeding programs to produce superior hybrids. Sprague 
and Tatum [1] established the concept of combining ability 
in maize, and it has since been applied successfully in other 
research. The general combining ability effect is determined by 
additive gene action and is used to indicate hybrid performance 
in general terms, whereas the particular combining ability 
effect is determined by dominant gene action and is used to 
show hybrid performance in specifi c ones. These variance 
components are used by breeders to detect gene action and 
estimate the genetic potential of parents in hybrid pairings. 
Breeders could use the information of combining ability and 
gene activity to more effectively identify potential parents, 
develop breeding methods, and choose promising genotypes 
from segregating populations to boost productivity. Knowledge 
of the genetic system that controls quantitative features is 
essential for developing an effective selection program using the 
right mating design. Knowledge of genetic action, heritability, 
and genetic variability is benefi cial to plant breeders since it 
allows them to develop effective crop breeding strategies.

Combining ability in crops leads to the discovery of parents 
with high Specifi c Combining Ability (SCA) effects and the 
location of cross combinations with high GCA effects [24]. 
Higher particular combining ability values imply dominance 
gene effects, whereas higher general combining ability 
effects indicate a bigger involvement of additive gene effects 
governing the characters, according to combining ability 
study of different characters. Epistasis gene effects may play a 
substantial infl uence in the genetic of characteristics if both the 
general and specifi c combining ability values are not signifi cant 
[1]. One of the criteria for a successful breeding program in 
selecting genotypes with desirable features is knowledge of the 
nature and extent of variability in a population. The impacts 
of General Combining Abilities (GCA) and specifi c combining 
abilities (SCA) in hybrid combinations are crucial indications of 
inbred line potential value. Differences, in general, combining 
skills effects have been attributed to additive, additive x 
additive, and higher-order interactions of additive genetic 
effects in the base population, whereas non-additive genetic 
variance has been linked to differences in specifi c combining 
abilities effects [25].

Because of the extensive usage of hybrid cultivars in many 
crops, the notions of general and Specialized Combining 
Abilities (SCA) have become increasingly essential to plant 
breeders [26]. The examination of crossings between inbred 
lines is a crucial stage in the production of hybrid crop types. 
Specifi c Combining Abilities (SCA) evaluate the average 
performance of certain hybrid combinations compared to 
the parental lines and is the result of dominance, epistatic 
deviation, and genotype environment interactions; General 
Combining Abilities (GCA) characterizes the average 
performance of a set of hybrid combinations and is primarily 
the result of additive gene effects and additive interactions; 

General Combining Abilities (GCA) characterizes the average 
performance of a set of hybrid combinations and is primarily 
the result of additive gene effects and additive [27]. Parents 
with a high GCA effect have greater adaptability and are less 
affected by the environment [28]. Because better qualities do 
not always pass down to offspring [27], evaluating combining 
ability is more trustworthy than evaluating line performance 
in general. Line tester analysis, top-cross testing, single-cross 
tests, poly-cross tests, and diallel mating are all examples 
of combining ability tests that can be used to select superior 
parental lines for creating heterotic hybrids [29]

General and Specifi c Combining Abilities 

Specifi c Combining Ability (SCA) is the departure of the 
performance of crossings from the average general combining 
ability of two parental lines, whereas general combining ability 
(GCA) is the mean performance of a genotype when crossed 
with a series of other genotypes. Crop breeders typically utilize 
combining ability analyses to choose parents with high General 
Combining Ability (GCA) and hybrids with high Specialized 
Combining Ability (SCA) effects [30]. Understanding the 
genetic potential of a population and deciding on the breeding 
strategy to be used in a given population requires knowledge 
of the nature and magnitude of gene action [31]. The effi cient 
transmission of desired genes from selected parents to their 
offspring necessitates a thorough understanding of gene 
function [25]. Mating designs such as diallel [32] and line 
tester [2] provide trustworthy information regarding a parent's 
general and specialized combining abilities, as well as their 
cross combinations. The most fundamental prerequisite for 
crop improvement is the identifi cation of acceptable parents 
that can combine well and produce desirable hybrids.

The average contribution of inbred lines to hybrid 
performance in a series of hybrid combinations is known 
as General Combing Ability (GCA). An inbred line's general 
combing ability is assessed by crossing it with other inbred lines 
and comparing the single cross progenies' overall performance. 
The additive gene activity impacting a genetic trait in such a way 
that each boosts the trait's expression is referred to as general 
combining ability. The general combining ability variance 
estimates additive genetic variance, which is necessary for 
narrow sense heritability estimation [32]. General Combining 
Ability (GCA) is linked to the breeding value of the parents 
and is linked to additive genetic effects, whereas Specialized 
Combining Ability (SCA) is linked to non-additive genetic 
effects, primarily dominance, or epistatic effects [33]. The 
contribution of an inbred line to hybrid performance in a cross 
with specifi ed inbred lines, as compared to its contributions 
in crossings with an array of specifi ed inbred lines, is referred 
to as specifi c combining ability. It suggests that non-additive 
gene activities are primarily determined by dominance.

It's because the heterozygote phenotype differs from the 
average of the two homozygotes' phenotypic values [34]. 
Specifi c combining ability is an important component of hybrid 
performance since it is a non-fi xable component of genetic 
variation. The selection criterion is based on the parents' general 
combining ability impacts. Because high-mean-value parents 
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may not always be able to pass on their superior features to 
their offspring, it is vital to assess their compatibility in order 
for them to express their own high performance in hybrids 
involving them. High specifi c combining ability effects coming 
from crosses between parents that are both good general 
combiners (good GCA) can be attributed to additive gene activity. 
The benefi cial additive effects of the good general combiner 
parent and epistatic effects of the poor general combiner, 
which fulfi lls the favorable plant feature, may be attributed 
to the high specifi c combining ability effects produced from 
crosses involving good and poor general combiner parents. 
High particular combining ability effects displayed by low 
crossings could be owing to a dominance kind of non-allelic 
gene interaction causing over dominance, making it unfi xable. 
Specifi c combining ability is used to identify cross combinations 
with improved performance, whereas general combing ability 
is used to evaluate the contribution of an inbred line to hybrid 
performance [1].

For a certain attribute, general combing ability is calculated 
as the positive or negative departure of a genotype's mean 
offspring performance from the grand mean of all offspring 
included in the mating design. Specifi c combining ability is 
defi ned as the deviation of hybrid combination performance 
from the performance expected on the basis of the general 
combing ability of the parental inbred lines, while general 
combing ability is primarily caused by additive effects. In hybrid 
breeding, a specifi c mix of inbred lines is chosen from among 
several viable combinations to produce the best F1 performance. 
As a result, inbred lines with the best particular combining ability 
are chosen as parental lines. Dominance, over-dominance, and 
other non-additive gene effects determine specifi c combining 
abilities. A high estimate of general combing ability indicates 
stronger heredity and fewer environmental effects, implying 
higher selection success. The fi xable and heritable component 
of genetic variance is represented by general combing ability 
effects, which have a direct relationship with narrow-sense 
heritability and homozygosity [28]. Because of the additive 
action of genes, the selection is useful for generating maximum 
genetic gain, whereas specifi c combining ability represents the 
non-fi xable and non-heritable component of genetic variance.

Heterozygosity and heterosis are indicated by specifi c 
combining ability. Maximum genetic increase was obtained 
through heterosis breeding rather than selection, and 
dominance and epistasis were the driving forces [28]. The 
precise understanding of gene activity involved in determining 
the various traits is critical to a successful and sound breeding 
program. It is stated that if the general combing ability variance 
is higher, the characteristic is more likely to be controlled by 
additive gene action, whereas if the specifi c combining ability 
variance is higher, the character is more likely to be controlled 
by non-additive gene action. If the ratio of general combing 
ability to specialized combining ability variances for the 
supplied qualities is less than unity, non-additive gene action 
is more important than additive gene action, and heterosis 
breeding is recommended to take advantage of non-additive 
variance [35]. In general, GCA is the consequence of additive 
gene effects, whereas SCA is the result of dominance and 

epistasis-induced deviations from additive gene action [36]. 
The GCA is the primary effect in statistical terms, whereas the 
SCA represents an interaction effect [36]. 

GCA is caused by additive gene effects and additive 
x additive epistasis and it is potentially fi xable. Specifi c 
Combining Ability (SCA), on the other hand, is a non-fi xable 
trait caused by non-additive gene effects such as dominance, 
epistasis, or both [37]. The primary basis for starting the hybrid 
program is the presence of non-additive genetic diversity 
[38]. Information on per se performance, combining ability 
effects of parents and hybrids, and the quantity of gene action 
involved in the inheritance of quantitative traits are vital for 
establishing a yield improvement program in crop [39]. The 
general combining ability effect is utilized to choose the best 
parents for crosses. The level of heterosis expected as well 
as the specifi c combining ability effect on heterotic hybrid 
selection. Combining ability is a useful tool for identifying the 
best combiners that can be used in crosses to exploit heterosis 
or accumulate fi xable genes and obtain desirable segregates. It 
also aids in understanding the genetic architecture of various 
characters, allowing the breeder to create an effective breeding 
plan for future up-gradation of existing materials.

Hybrid breeding procedures necessitate an expected level 
of heterosis as well as a certain combining ability. Breeders 
frequently encounter the diffi culty of selecting parents and 
crosses when creating high-yielding crop plant varieties. 
Combining ability investigations are valuable for determining 
the nature and amount of various types of gene action involved 
in the development of quantitative traits, as well as for 
selecting ideal parents for effective hybridization projects [1]. 
Combining ability aids in determining the gene action involved 
in yield control components. Variances, in general, combining 
ability (GCA) represent additive gene action, whereas variances 
in Specialized Combining Ability (SCA) refl ect non-additive 
gene action. It aids in the selection of superior parents for the 
development of superior hybrids and takes advantage of genetic 
variation. Genetic variety is required to generate superior kinds 
with unique genetic composition, therefore choosing the right 
parent is critical. Grain yield is a complicated quantitative 
attribute that results from the action and interaction of 
several yield component characters. A solid understanding 
of the genetics of yield and its related properties is useful 
in making selection decisions and effi cient management of 
breeding material for an effective breeding program targeted 
at improving complicated traits such as yield.

Furthermore, understanding the type and size of gene 
effects affecting the inheritance of agro-morphological 
features linked to crop productivity can aid in the formulation 
of an effective and effi cient breeding program. The impacts of 
general combining ability (GCA) and Specialized Combining 
Ability (SCA) are highly useful genetic parameters for 
determining the next phase of breeding projects. The GCA 
effect indicates genes with largely additive effects, whereas the 
SCA effect indicates genes with dominance or epistatic effects, 
and strong GCA effects are mostly attributable to additive gene 
effects or additive interaction effects. According to Patial, et 
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al. [40], combining ability provides useful information on 
parent selection in terms of projected hybrid and progenies 
performance. Performances do not always reveal if a parent 
is a good or bad combiner. As a result, data on the type of 
gene effects and how they manifest themselves in terms of 
combining ability is required. By fi nding potentially superior 
parents and hybrids, combining ability aids in defi ning the 
pattern of gene effects in the expression of quantitative traits 
[12].

For effective breeding and selection, understanding 
gene function and associated trait expression is critical 
[41]. Combining ability study aids in the identifi cation of 
superior parents for breeding programs or prospective cross 
combinations for cultivar development. Specifi c combining 
ability (SCA) is the relative performance of a cross that is 
associated with non-additive gene action, predominantly 
contributed by dominance, epistasis, or genotype environment 
interaction effects, and is directly related to the breeding value 
of a parent and is associated with additive genetic effects, 
whereas General Combining Ability (GCA) is directly related to 
the breeding value of a parent and is associated with additive 
genetic effects, whereas General Combining Ability (GCA) 
is directly related to the breeding value [8]. As a result, both 
GCA and SCA impacts are signifi cant inbreeding population 
selection and development [42].

Combining ability analysis is one of the most powerful tools 
for estimating combining ability variation and effects in order 
to pick desirable parents and crosses for heterosis exploitation. 
For estimating genetic control of a certain trait, ability variance 
is frequently combined. Estimates of additive and non-additive 
gene action obtained using this technique may be valuable in 
establishing the commercial viability of heterosis and pure 
line isolation. Gene action is a theory that evaluates allelic 
interactions for characteristics that show phenotypic behavior 
and lead to perfect trait selection.

Heterosis in crop improvement

Heterosis refers to a hybrid's ability to outperform its 
parents in terms of productivity, growth, development, and 
resistance [43]. One of the most signifi cant achievements in 
plant breeding is the use of heterosis in hybrid breeding [44]. 
Heterosis is a critical factor in hybrid generation, particularly 
for traits driven by non-additive gene activity. Melchinger and 
Gumber [17] developed the concept of heterotic groups and 
patterns, defi ning a heterotic group as "a group of related or 
unrelated genotypes from the same or different populations 
that show similar combining ability and heterotic response 
when crossed with genotypes from other genetically distinct 
germplasm groups." As a result, heterotic grouping is the 
process of identifying germplasm groups that are genetically 
unique but yield superior hybrids when crossed. Heterotic 
patterns have a signifi cant impact on crop improvement 
because they infl uence the type of germplasm utilized in hybrid 
breeding programs for a long time [17].

To get the most out of heterosis for hybrid cultivar 
production, germplasm must be divided into distinct heterotic 

groups. Similarly, knowledge on genetic diversity is critical 
for hybrid breeding and population improvement initiatives, 
as it allows them to analyze genetic diversity, characterize 
germplasm, and divide it into heterotic groups [18]. Heterotic 
groups are made up of genotypes that do well when mixed with 
genotypes from another heterotic group [19]. The availability 
of heterotic groups and patterns for exploitation of grain-yield 
heterosis determines the success of a hybrid breeding effort. 
A need for producing meaningful heterotic patterns among 
germplasm lines is the effi ciency with which germplasm lines 
are assigned to heterotic groups. The discovery of unique 
heterotic groups should aid in the generation of exceptional 
hybrids and increase the effi ciency of hybrid development 
programs [22]. Genetic distance estimates are essential because 
they aid in the assignment of genotypes to heterotic groups in 
hybrid formation resulting from various inter-group crossings 
[22].

Information on genetic diversity and heterotic groups 
is particularly valuable to both inbred line development and 
plant breeders in terms of utilizing their germplasm more 
effectively and consistently by utilizing complementing lines 
that maximize the outcome of hybrid breeding operations [23]. 
F1 hybrids between particular combinations of parental lines 
perform better than the parental lines in plants; the F1 hybrids 
have hybrid vigor or heterosis. The availability of genetically 
complementary parents and families, as well as the level of 
heritability of economic features, are both important factors in 
the formation of breeding populations and hybrid types [45].

Classifi cation of heterosis 

Average heterosis: In quantitative genetics, mid-parent 
heterosis refers to a hybrid's superiority over the mean of its 
parents [36]. Average heterosis or relative heterosis occurs 
when the hybrid outperforms the mid-parent [46]. On the 
basis of the mid-parents, the average heterosis in the crosses 
was calculated. Several researchers have determined it for a 
variety of agronomic and physiological parameters in diverse 
crops.

Heterobeltiosis: Blum, et al. [47] defi ned heterosis as 
the hybrid's advantage over the best parent, as measured in 
comparison to the superior or a better parent. The dominance 
or overdominance of the hybrid over the better parent resulted 
in its superiority. The degree of heterosis provides the simplest 
and easiest measure of genetic diversity and gives a preliminary 
idea about the likely gene action involved in determining a 
particular character. Parent versus crosses performance is 
probably the most basic comparison in quantitative inheritance, 
and the degree of heterosis provides the simplest and easiest 
measure of genetic diversity and gives a preliminary idea about 
the likely gene action involved in determining a particular 
character [48]. For various crop traits, several authors reported 
heterosis over better parents.

Standard heterosis: Standard heterosis refers to a hybrid's 
higher performance in terms of desired features above a standard 
commercial hybrid variety [49]. It is also known as economic 
heterosis and has practical signifi cance in plant breeding. The 
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commercial value of a hybrid would be determined mostly 
by how well it performed in relation to the best commercial 
variety of the crop species in question. Standard heterosis is 
the most essential from a practical standpoint since it aims 
to generate desired hybrids that outperform existing high-
yielding commercial varieties [49].

Heterotic grouping and heterotic pattern 

When related or unrelated genotypes from the same or 
separate populations are crossed with genotypes from other 
genetically distinct germplasm groups, they show similar 
combining capacity and heterotic response [17]. Heterotic 
grouping is the process of identifying genetically diverse 
groups that produce superior hybrids when crossed based on 
morphological per se performance and genetic relationship 
[21]. Heterotic grouping identifi es suitable hybrid parents 
by combining ability information [50,51]. Based on specifi c 
combining ability (SCA) effects of grain yield [52] and heterotic 
grouping based on General Combining Ability (GCA) of 
multiple traits (HGCAMT), this approach of classifying existing 
germplasm into various heterotic groups and identifying 
eligible parents for crosses [50,51].

Any breeding program targeted at hybrid production 
must start with the identifi cation of inbred lines with a 
strong combining ability [53,54]. As a result, information 
on combining ability-based heterotic grouping can assist 
breeders in choosing parents for crosses. To get the most out of 
heterosis for hybrid cultivar development, germplasm must be 
assigned to different heterotic groups. Similarly, knowledge on 
genetic diversity is critical for hybrid breeding and population 
improvement projects, which use it to analyze genetic variety 
and categorize individuals into heterotic groups [18]. It is 
preferable to organize the germplasm into heterotic groups for 
an effi cient hybrid breeding effort [55].

The key to ensuring sustained genetic gain in hybrid breeding 
is to broaden the genetic foundation of heterotic pools. The 
heterotic grouping of parental lines and identifi cation of their 
combining ability aided in the selection of parents and breeding 
tactics for effective hybrid creation. Studies of germplasm 
combining capacity and heterotic grouping improve its use 
inbreeding and the selection of suitable parents for superior 
hybrid combinations [51]. Crosses between inbred lines from 
genetically dissimilar groups are likely to have higher degrees 
of heterosis than crosses between lines from genetically related 
groups [56]. A heterotic pattern is a set of heterotic groups, 
which might be populations or lines, that exhibit high heterosis 
and, as a result, high hybrid performance in their crossings.

The notion of heterotic patterns is essential because 
it aids breeders in selecting parents for line development 
and testers in evaluating the combining capacity of newly 
generated inbred lines, simplifying germplasm administration 
and organization [57]. Heterotic groups and patterns assist 
breeders in making more effi cient and consistent use of their 
germplasm by utilizing complementing lines to maximize the 
results of a hybrid breeding effort. In order to make use of 
heterosis for hybrid formation, germplasm must be assigned to 

different heterotic groups and patterns. Once heterotic groups 
and patterns have been identifi ed, a high number of hybrid 
combinations can be created in a short period of time due to 
the grouping of lines into distinct clusters, which prevents the 
generation of unneeded hybrids from heterotic patterns.

Genetic basis of heterosis 

A positive association between parental divergence and 
the estimated degree of heterosis is predicted by quantitative 
genetics theory [58]. However, the evidence for this correlation 
to date is inconclusive, and the capacity to predict heterosis 
levels based on genetic distance between parents varies with 
different features and crops [59]. Genetic ideas are one of the 
oldest and most well-accepted explanations for heterosis [58]. 
Heterosis can be caused through dominance, overdominance, 
or epistasis, according to quantitative genetic theory. The three 
theories have been thoroughly studied utilizing phenotypic 
data as well as molecular marker-assisted QTL mapping 
[60]. The dominance theory, suggested by Davenport [61] and 
supported by Bruce [62], Jones [63] and Collins [64], mentions 
the infl uence of dominant positive alleles disguising negative 
recessive alleles as the explanation for a hybrid's superiority 
[36]. 

According to the dominance hypothesis, the superior 
performance of hybrids is due to the hiding of harmful 
recessive genes. The harmful consequences of recessive alleles 
are hidden by dominant alleles in a heterozygous state. As a 
result, heterosis is caused by dominant alleles masking the 
deleterious effects of recessive alleles. Inbreeding depression, 
on the other hand, is caused by recessive alleles that become 
homozygous as a result of inbreeding. As a result, according to 
the dominance hypothesis, heterozygosity is not the result of 
heterozygosity, but rather of the dominant alleles preventing 
the expression of detrimental recessives. The rationale for a 
hybrid's supremacy is the infl uence of dominant positive 
alleles disguising undesirable recessive ones [36]. Similarly, 
inbreeding depression is caused by the homozygosity of 
recessive alleles, which have negative consequences [34]. East 
[65] and Shull [66], proposed the overdominance theory, which 
claims that heterosis is caused by the heterozygous situation. 
Heterozygotes of the loci are superior to both homozygotes, 
according to the overdominance hypothesis. As a result, 
heterozygosity is both necessary for and the cause of heterosis.

The hybrid plant with the greatest number of heterozygous 
loci is the most vigorous [67]. There are no obvious 
circumstances in which the heterozygote outperforms the two 
homozygotes. This has been the most common criticism to the 
overdominance theory being widely accepted. However, there is 
no question that heterozygotes are superior to homozygotes in 
some genes [34]. Quinby [68], postulated that heterosis could 
be caused by a complementary interaction between recessive 
and dominant alleles. The most critical factor in heterosis of 
yield, number of grains per panicle, and grain weight is over 
dominance. According to the overdominance hypothesis, 
heterozygotes are superior to both homozygotes in at least 
some of the loci. As a result, heterozygote Aa would outperform 
both homozygotes AA and aa.
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As a result, heterozygosity is required for heterosis, 
whereas homozygosity caused by inbreeding causes inbreeding 
depression. According to the overdominance hypothesis, the 
heterozygous genotype has an intrinsic advantage over the 
two homozygous genotypes. The epistasis hypothesis credits 
heterosis to epistatic interactions between non-allelic genes, 
while the overdominance hypothesis implies overdominant 
gene activation at numerous loci. The epistasis hypothesis 
explains the observed heterosis as a result of locus interaction. 
Because it is diffi cult to evaluate inbred lines in various cross 
combinations, accurate single-cross performance prediction 
is critical in hybrid breeding. Several methods for predicting 
phenotypic data with co-ancestry coeffi cients calculated from 
pedigree records or marker data have been proposed [69]. 
Furthermore, genomic selection based on dense molecular 
marker profi les has the potential to help breeders choose the 
most promising hybrids for fi eld testing [67] Figure 1.

The sum of gene effects (A, B, A + B) is a phenotype. (a) 
The dominance model, according to which dominant alleles (A 
and B) inhibit or complement recessive alleles (a and b). (b) 
The overdominance model, in which heterozygosity (B1/B2) 
at a critical locus contributes to heterosis, resulting in higher 
performance. Non-allelic genes (A2 and B1) inherited from 
the paternal lines interact and contribute to heterosis in the 
epistasis paradigm.

Heterosis is shown in F1 hybrids produced by crossing two 
inbred parents that perform better. The nature and magnitude 
of heterosis over mid-parent, heterobeltiosis, and economic 
heterosis present in genetic stocks infl uence the choice of 
parents for effective hybridization. The positive or negative 
reaction of heterosis is largely determined by the breeding 
aims and the type of crops employed. Heterosis has contributed 

greatly to enhanced crop productivity and is the foundation of 
global agribusiness worth billions of dollars Figures 2,3.

Dominant gene action is recognized when the performance 
of a heterozygote is not the mean of that of its two homozygous 
parents.

Conclusion

The ability of cultivars or parents to combine with one 
another during the hybridization process so that desired genes 
or features are passed down to their progenies is referred to 
as combining ability. It refers to a genotype's ability to pass 
on better performance to its offspring. The variance due to 
General Combining Ability (GCA) and variance due to Specifi c 
Combining Ability (SCA) can be separated into two categories 
(SCA). Specifi c combining ability describes those cases in which 
certain hybrid combinations do relatively better or worse than 
what would be expected based on the average performance of 
the parent, and is regarded as an estimate of non-additive gene 
action such as dominance and epistasis. General combining 
ability is defi ned as the average performance of a parent in a 
hybrid combination and is primarily recognized as a measure 
of additive gene action, whereas general combining ability 
describes those cases in which certain hybrid combinations 
do relatively better or worse than what would be expected. 
Combining ability analysis aids in the identifi cation of parents 
with high General Combining Ability (GCA) effects and cross 
combinations with high Specialized Combining Effects (SCA) 
for commercial heterosis and pure line isolation among 
heterotic hybrid progenies. 

In crops, heterosis appears in the progeny of inbred 
lines with a high specifi c combining capacity. Heterosis is a 

Figure 1: Three hypotheses to explain the genetic mechanism of heterosis.
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phenomena in which the offspring of different types of a species 
or crosses between species have higher biomass, development 
speed, and fertility than both parents. To explain heterosis, 
various theories have been proposed, including dominance, 
overdominance, and pseudo-over dominance. Heterosis, 
which manifests as outbreeding enhancement and the polar 
opposite of inbreeding depression, is important for enhancing 
crop plant productivity by crossing unrelated genotypes. When 
two populations of a species with distinct recessive harmful 
alleles cross, the likelihood of the hybrid being homozygous for 
the same detrimental genes is unlikely. Due to the masking of 

recessive harmful genes by a dominant one, the offspring will 
be more fi t than either parent. When the children are allowed 
to mate at random in succeeding generations, the detrimental 
alleles will segregate out according to Mendelian inheritance, 
resulting in individuals with homozygous deleterious alleles 
who are less fi t. However, because the frequency of each 
detrimental allele would be reduced through mixing, the 
population's mean level of fi tness would still be higher than 
either parental population.

Heterosis refers to the superiority of hybrids over 

Figure 2: Classifi cation of the mode of gene action in F1 hybrid (F1) compared with parental gene expression level (P1 or P2). Where, LP; low parent, HP; high parent, MPV; 
mid-parent value.

Figure 3: Principle of dominance for the given traits.
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their parents. The heterotic grouping of parental lines and 
identifi cation of their combining ability aided in the selection 
of parents and breeding tactics for effective hybrid creation. 
Planning crosses in breeding programs requires heterotic 
grouping based on combining ability, genetic performance, and 
genetic relationship for qualities of interest among germplasm. 
The term "heterotic pattern" refers to a pair of heterotic groups 
that exhibit strong heterosis and, as a result, high hybrid 
performance in their cross. The partition of material available 
in a hybrid breeding program into at least two divergent 
populations, which are improved via inter-population selection 
procedures, is referred to as heterotic patterns. Heterotic 
patterns have a signifi cant impact on crop development 
because they heavily infl uence the type of germplasm used in 
hybrid breeding programs over time. The heterotic pattern is 
an important consideration when using germplasm to improve 
the performance of population crossings and derived hybrids. 
Finally, the most signifi cant breeding processes for developing 
the best and attractive varieties for the qualities of interest are 
combining ability and heterosis.
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