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Abstract: Mendelian heredity is the cornerstone of plant breeding and has been used to develop new
varieties of plants since the 19th century. However, there are several breeding cases, such as cyto-
plasmic inheritance, methylation, epigenetics, hybrid vigor, and loss of heterozygosity (LOH), where
Mendelian heredity is not applicable, known as non-Mendelian heredity. This type of inheritance
can be influenced by several factors besides the genetic architecture of the plant and its breeding
potential. Therefore, exploring various non-Mendelian heredity mechanisms, their prevalence in
plants, and the implications for plant breeding is of paramount importance to accelerate the pace
of crop improvement. In this review, we examine the current understanding of non-Mendelian
heredity in plants, including the mechanisms, inheritance patterns, and applications in plant breed-
ing, provide an overview of the various forms of non-Mendelian inheritance (including epigenetic
inheritance, cytoplasmic inheritance, hybrid vigor, and LOH), explore insight into the implications of
non-Mendelian heredity in plant breeding, and the potential it holds for future research.

Keywords: Beavis effect; chromosomal rearrangements; cytoplasmic inheritance; epigenetics;
hybridization; loss of heterozygosity; polyploidy

1. Introduction

The field of plant breeding and genetics has traditionally been based on the work of
Gregor Mendel, who first proposed the ‘laws of inheritance’ [1]. The Mendelian laws of
inheritance, also known as Mendelian genetics, state that the inheritance of traits in an
offspring is determined by the combination of discrete units of heredity, called genes, which
are passed on from parent to offspring [2]. Mendelian genetics is based on the idea that each
gene is passed on in a certain predictable way and can be used to explain the inheritance of
different traits, which can be supported by three laws of inheritance proposed by Mendel:
the Law of Segregation, Law of Dominance, and Law of Independent Assortment [2,3].

The Law of Dominance states that when two versions of a gene (alleles) are present,
one allele will be expressed, while the other allele will be “masked” or not expressed [4,5],
which is known as the dominant and recessive alleles, respectively. The Law of Segregation
states that during the formation of gametes, the two copies of each gene separate so that
each gamete only contains one copy of the gene [6,7]. This means that the offspring will
receive only one copy of the gene from each parent, thus leading to the phenotype of the
offspring being determined by the combination of the alleles from both parents [7]. The Law
of Independent Assortment states that the alleles at different loci segregate independently
of each other, meaning that the inheritance of one allele at a locus does not influence the
inheritance of the alleles at other loci [6,7].

The Mendelian laws of inheritance can provide sufficient explanations for Monogenic
inheritance (a single gene determining a single trait) traits such as seed shape, flower color,
and seed coat color [7,8]. However, there are multiple examples that Mendelian laws of
inheritance are not applicable for polygenic inheritance (multiple genes at different loci
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are involved in determining a single trait) traits such as yield, maturity, and abiotic/biotic
stresses [9,10]. Those traits that are not explained by Mendel’s rules, are referred to as
non-Mendelian caused by non-Mendelian heredity [8,10]. Non-Mendelian traits may be
transmitted from one generation to the next in a number of different ways, such as through
the action of gene-environment and/or gene–gene interactions, or even through epigenetic
changes [8,9].

Gene-environment interaction is one of the most important factors in plant breeding
areas when the expression of a gene is influenced by the environment [11,12]. In plant
breeding, environmental factors can play a role in the expression of complex traits such as
yield [13]. For example, a plant grown in a hot and dry climate may have a different yield
than the same plant grown in a cooler climate [14]. Gene–gene interaction is a phenomenon
in which two or more genes interact with each other to produce a phenotype that is different
from the effect of either gene alone [11]. In plant breeding, non-Mendelian traits can be
transmitted through gene–gene interactions, either through epistatic (complex) interactions
between genes, or through the action of regulators of gene expression [8,9,11]. In addition,
gene–gene interactions can play a role in the control of gene expression, allowing the
expression of non-Mendelian traits to be modulated [11]. Epigenetics, which deals with
the regulation of gene expression without changing the underlying DNA sequence, can
affect the expression of traits, and may be inherited in the same way as non-Mendelian
traits [11,15]. This means that the study of non-Mendelian heredity in plants is closely
intertwined with the study of epigenetics [15,16].

Non-Mendelian traits can be used in plant breeding to create novel varieties with
desired characteristics. The identification of these traits and the ability to generate novel
varieties through the manipulation of these traits is a major focus of most research in
plant breeding [16–18]. In this review, we will begin by addressing the historical context
in which non-Mendelian heredity was first discovered, followed by an overview of the
different types of non-Mendelian heredity and how they are manifested in plants. We
will then discuss the methods used to study non-Mendelian heredity in plants, such as
molecular markers and genetic mapping. Finally, we will explore the various applications
of non-Mendelian heredity in plant breeding, such as its role in crop improvement and
disease resistance.

2. The Basis of Non-Mendelian Heredity

Non-Mendelian heredity is a term used to describe inheritance patterns that do not fit
the classical Mendelian inheritance model, which allows breeders to create new varieties of
plants with desired characteristics in a different way [2,3,6]. By understanding the various
forms of non-Mendelian heredity, breeders can better control the genetics of the plants
they are working with and create varieties that are more likely to be successful [6,10].
The lack of clear-cut Mendelian inheritance patterns in plants is largely because many
plants are capable of producing offspring through different reproductive strategies such
as cross-pollination, self-pollination, and asexual reproduction [6,8–10]. This complexity
results in multiple patterns of inheritance that do not fit the traditional Mendelian model.

Cross-pollination can result in offspring with characteristics that are a combination of
the parental forms. This is known as hybridization and can be used to create new varieties
of plants with desired traits [19,20]. However, the offspring may not always be identical
to the parental forms, as the genetic material from both parents can mix and recombine
(genetic recombination) in unpredictable ways [21]. Understanding the implications of
non-Mendelian heredity is also important, as it can lead to a lack of genetic diversity and the
appearance of harmful recessive traits [21]. Self-pollination is when a plant produces pollen
and fertilizes itself, mostly resulting in offspring genetically identical to the parent [22].
While self-pollination can be used to maintain desirable traits in a species, it can also lead
to inbreeding, which can reduce genetic diversity and lead to the appearance of recessive
traits [23]. Asexual reproduction is another form of non-Mendelian heredity [24]. This is
when a single parent reproduces by cloning itself, resulting in offspring that are genetically
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identical to the parent. Asexual reproduction is often used to propagate desirable traits
in plants, as it allows for a greater degree of control over the genetic makeup of the
offspring [24,25]. However, it can also lead to a lack of genetic diversity by reducing genetic
recombination rate), which can be detrimental to the species in the long run.

Using genetic information generated by different methods such as pedigree analysis,
DNA sequence analysis, linkage analysis, and genetic mapping are some of the common
ways to calculate the genetic recombination rate in plants [26]. Genetic information is
arranged in chromosomes of various lengths, resulting in the genetic linkage of genes [27].
For example, in green pea (Pisum sativum) as the main crop Mendel worked on, there
are seven chromosomes, of which two and three of the genes encoding Mendel’s traits
are located on chromosomes 1 or 4, respectively [28]. It is remarkable that most trait
combinations indicated unlinked genes, which is explained by the large size of the pea
chromosomes and the distance of the loci, leading to a high recombination frequency and
no linkage disequilibrium [29,30]. If the genes were more closely linked, it would have
made it difficult to observe and interpret new combinations as the result of independent
segregation [30]. Mendel was able to accurately characterize the material he had available
and avoided the issue of polygenic traits determined by multiple genes (quantitative
inheritance) [28].

3. Polyploidy

Non-Mendelian heredity can also be observed in plants through polyploidy [20]. This
is when a species has more than two sets of chromosomes, resulting in offspring that is
genetically distinct from their parents [20]. Autopolyploidy and allopolyploidy are two
of the most common ploidy in plants [31]. Autopolyploidy occurs when an individual
has multiple sets of chromosomes from the same species, whereas allopolyploidy is when
the individual has multiple sets of chromosomes from different species [31,32]. Some
researchers distinguish between two types of polyploidy based on their origins (parentage),
while others focus on genetic characteristics such as chromosomal profile and behavior [33].
Polysomic polyploids are formed when duplicated chromosomes are completely homol-
ogous and result from multivalent or random bivalent segregation during meiosis [34].
Disomic polyploids occur when duplicated chromosomes are partially homologous and
strictly from bivalent homologous chromosomes [35]. Despite differences in origin, both
types of polyploids have high levels of gene duplication and heterozygosity, with autopoly-
ploids having higher levels of heterozygosity than diploids due to outcrossing [34,35].
This phenomenon can be used to create new varieties of plants with desired traits such as
increased size, higher yields, or higher disease resistance, but it can also lead to reduced fer-
tility, as the offspring may not be able to produce viable gametes [34]. Moreover, polyploid
plants are reported to have slower growth rates and flowering time over a longer period
than diploid plants, a trait that is advantageous for ornamental breeding [36]. Another
polyploidy breeding example is the developing seedless watermelon by introducing one
chromosome to its genome (triploid) [37].

3.1. Autopolyploidy and Allopolyploidy

Meiosis in polyploids is more complex than in diploids, but the expected segregation
ratios can still be calculated. In autotetraploid species (Figure 1A), such as the potato, which
has four sets of chromosomes from the same species, a recessive trait would be expressed
in only one out of every 36 F2 plants [38]. This frequency could be further reduced in
autohexaploid plants, with six copies of each chromosome, to one in 64 [38]. Additionally,
autopolyploid plants have the potential for double reduction, which is when two recom-
bined chromosomes move to the same pole in anaphase I, a process not seen in diploids [39].
The fact that recessive traits are expressed at different frequencies in autopolyploid and
allopolyploid species (Figure 2B) is important for breeders and researchers, which allows
them to predict how often are certain traits expressed in a given generation, which can help
inform breeding strategies and help identify desirable traits [40,41].
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3.2. Aneupolyploidy

Aneuploidy refers to the condition where the number of chromosomes in a cell is
not an exact multiple of the haploid number of the species [42] (Figure 1C). Aneuploidy
can occur naturally in plants, but it can also be induced by breeding or through the use
of chemical or radiation treatments [43]. Aneuploids are often characterized by reduced
fertility and can be used to generate new plants with desirable traits, as well as to study
the effects of chromosome changes on plant development and physiology [42,43]. In
aneuploids, random segregation leads to distorted ratios, which can result in modified
trait expression [30]. In wheat, aneuploidy can lead to reduced seed size, altered flowering
times, and changes in the size and shape of the leaves [30,44].

3.3. Heterosomes and B-Chromosomes

Heterosomes, which are sex chromosomes in dioecious plants, can also be responsible
for the expression of different traits, in addition to the type of flower (sex) [45]. One example
is the Silene latifolia, a species of flowering plant in the Caryophyllaceae family, which
exhibits differences in its flower morphology based on the heterosomes it expresses [45].
The female plants have larger petals and sepals and more white flowers than the male
plants, which have smaller petals and sepals and fewer white flowers [45]. Additionally,
the female plants have larger leaves, while the male plants have proportionally smaller
leaves [45]. This difference in morphological characteristics is due to the presence of
different heterosomes in the male and female plants. In plant breeding, heterosomes are
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used to create novel varieties of plants with desirable traits, such as increased disease
resistance, improved yield, and improved flavor [30].

B chromosomes, which exist in addition to the autosomes, can contribute to trait
formation, and their asymmetric segregation patterns can lead to irregular segregation in a
similar way to heterosomes [46]. Hugo de Vries, who noticed the importance of Mendel’s
experiments in the early 1900s, thought that the frequent changes in the form of the evening
primrose Oenothera lamarckiana between generations might signify the formation of new
species due to mutations [47]. It was later discovered, however, that the variations were
caused by the presence of extra chromosomes or an imbalance in the amount of a certain
element, not by changes in the order of DNA sequence [47]. Jones and Ruban [48] reported
the effectiveness of the B chromosome in accelerating crop improvement, particularly
in grasses. However, to what extent and how much B chromosomes can contribute to
trait formation is still not well explored. In the case of P. sativum, there are no sex or B
chromosomes, however, some crosses have yielded trisomic pea plants with three copies of
an individual chromosome rather than the expected two, creating significant differences in
the phenotype [49].

Overall, polyploidy is a useful tool for creating new varieties of plants with desired
traits, but it also has the potential to lead to reduced fertility in the offspring. Therefore,
careful consideration needs to be given when using this technique to ensure that the desired
results are achieved without sacrificing fertility.

4. Cytoplasmic Inheritance

Cytoplasmic inheritance is a type of non-Mendelian inheritance that occurs in plants,
animals, and fungi. In nuclear inheritance, genetic information is passed from one genera-
tion to the next through the DNA found in the nucleus [50]. In cytoplasmic inheritance,
genetic information is passed on from one generation to the next through the cytoplasm,
which contains many different types of organelles and other cellular components, including
mitochondria and chloroplasts [50,51]. There are several common examples of cytoplas-
mic inheritance, such as cytoplasmic male sterility (CMS), mitochondrial mutations, and
chloroplast inheritances, especially in plant breeding areas [51].

4.1. Cytoplasmic Male Sterility (CMS)

CMS is considered as a type of non-Mendelian inheritance because it is inherited solely
through the cytoplasm of the female parent and is not determined by the genes of either
parent, in which the male reproductive organs of the plant are non-functional [52,53]. It
is a form of genetic male sterility and is used extensively in plant breeding programs to
produce hybrid varieties [53,54]. The trait is caused by a mutation in the mitochondrial
genome which results in the production of aberrant proteins that interfere with the normal
function of the male reproductive organs. CMS is used to produce hybrid varieties of crop
plants by crossing a sterile CMS variety with a fertile restorer variety [54,55]. The hybrid
progenies are all fertile, and this hybrid vigor results in increased yields and improved
disease resistance.

CMS can be used to produce homozygous lines for specific traits, which eliminates
the need for tedious hand-pollination for hybrid seed production [55]. However, the
pollen from male sterile lines is often of poor quality, which requires specific conditions
for storing [53,55]. In addition, CMS may cause a decrease in genetic diversity, as most
commercial hybrids are produced by crossing two inbred lines and lead to a decrease in
outcrossing, as the male sterile lines are not able to produce viable pollen [54].

4.2. Mitochondrial Inheritance

In recent years, mitochondrial inheritance has been used increasingly in plant breeding
to create improved varieties of crops with higher yields, improved disease resistance, and
improved nutritional value [56]. By introducing specific gene mutations into the plant’s
mitochondria, breeders can control the expression and activity of certain genes and alter the
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plant’s phenotype. Plant mitochondrial genomes are larger and less conserved than chloroplast
genomes, therefore, have received less attention [57]. In a study conducted by Forner et al. [58],
transcription activator-like effector nuclease (TALEN)—gene-drive mutagenesis (GDM) was
introduced to mutate tobacco mitochondrial Nad9 gene, resulting in a collection of mutants that
have a single amino acid substitution in the Nad9 protein. These mutants are homochondriomic
and can be stably inherited in the expected maternal fashion [58].

The use of mitochondrial mutations in plant breeding has been gaining attention
in recent years as a tool for improving a variety of plant traits. Rauf [59] reported the
use of mitochondrial mutations to create a drought-tolerant sunflower, resulting in an
increase in the amount of unsaturated fatty acids in the plant’s seed oil, which increased the
sunflower’s tolerance to drought stress. Similarly, mitochondrial mutations were used to
increase the yield of rice plants by increasing the amount of photosynthetic efficiency [60].
These mutations also increased the plant’s tolerance to heat stress [60]. Mitochondrial
mutations were successfully applied to change the flower color of petunia with a mutation
in the mitochondrial gene’s coding region [61].

4.3. Chloroplast Inheritance

Chloroplast inheritance in plant breeding refers to the transmission of chloroplast
DNA from the female parent to all of the progeny of a cross [62]. Chloroplasts are organelles
within the cells of plants that contain their own genetic material, known as plastomes. These
plastomes can be inherited from a female parent, allowing breeders to track the maternal
parent in a cross, and can be used to develop male-sterile lines [62,63]. Chloroplast genomes
in plants are highly conserved sequences of 100–150 Kb containing around 100 genes [64].
The standard structure of a chloroplast is composed of four elements, including inverted
repeats that divide the large and small single-copy regions [65]. They have been a popular
choice for plant identification due to their high copy numbers in the cell [66]. Previous meth-
ods of chloroplast isolation or PCR amplification were challenged by the same sequences
existing in both the nuclear and mitochondrial genomes [67–69]. Recent techniques have
made it easier to determine the accurate sequence of the chloroplast by taking advantage of
its higher abundance in short-read sequencing [67–69].

Analysis of polymorphisms in 2580 soybean accessions, including 107 wild soybeans,
revealed that the chloroplast genome is more variable than the mitochondrial genome in
terms of variant density [70]. Cultivated soybeans harbored 44 chloroplast haplotypes
and 30 mitochondrial haplotypes, with the two most frequent types accounting for nearly
70 and 18%, respectively [70]. Wild soybeans, on the other hand, had 32 chloroplast and
19 mitochondrial haplotypes. However, only a small proportion of cultivated soybeans shared
cytoplasm with wild soybeans. Two mitochondrial polymorphism sites were discovered to be
heterozygous in most soybeans, suggesting a link between heterozygosity and domestication,
improvement of landraces, geographic adaptation [70]. The haplotypes of many soybean
cultivars could be beneficial for evaluating the impact of cytoplasm on performance, as well as
for breeding cultivars with desired cytoplasm. It is possible that mitochondrial heterozygosity
is associated with soybean adaptation, which requires further investigation [70].

Maternal inheritance of cytoplasmic organelles (mitochondria and chloroplast) pre-
dominates in eukaryotes, thereby, preventing the organellar genomes from being recom-
bined through sexual reproduction. However, any mechanisms underlying materials’
heredity are not well understood. Chung et al. [11] reported the effect of environmental
conditions on the maternal inheritance of cytoplasmic organelles. Mild chilling stress
during male gametogenesis can lead to paternal plastid entry into sperm cells and signifi-
cantly increased paternal plastid transmission [11]. This research has revealed that paternal
plastid inheritance is controlled by a gene-degrading exonuclease in mature pollen [11]. In
certain environmental conditions, maternal inheritance can be disrupted, caused by a com-
bination of an organism-blocking mechanism and a gene-destroying system. Ultimately,
the inheritance of plastids is determined by the combination of genetic and environmental
factors [11].
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5. Chromosomal Rearrangements

Chromosomal rearrangements are a type of genetic alteration that can be used in plant
breeding programs to produce new varieties with desirable traits [71]. Rearrangements
involve breaking and rejoining sections of chromosomes, resulting in rearrangements of
gene order, deletions or additions of genetic material, or changes in chromosome struc-
ture [71,72]. These changes can lead to new combinations of genes that can confer desirable
traits. Chromosomal rearrangements were successfully implemented in different breed-
ing programs to increase the genetic variation of wheat [73], maize [74], and rice [75].
Zhang et al. [75] examined the effects of multiple DNA double-strand breaks (DSBs) in rice
plants and found that rice varieties with a high number of simultaneous DSBs (e.g., over
50) showed low-frequency large chromosomal deletions and duplications, but this was not
the case for plants with lower order DSBs (e.g., under 10). Therefore, large chromosomal
rearrangement can occur in varieties with a large number of DSBs [75]. In another study
conducted by Sharma and Peterson [74], it became demonstrated how transposon-induced
chromosomal rearrangements can rapidly and progressively increase genetic variation and
have a major impact on genome evolution in maize.

In addition, chromosomal rearrangements can be used to develop biotic stress re-
silience crops in plant breeding programs. In order to understand the Ty-1 locus—a
resistance gene for tomato yellow leaf curl virus (TYLCV), which is found in Solanum
chilense and has been used in breeding for TYLCV resistance—research was conducted us-
ing 19 markers from tomato chromosome 6 in two commercial hybrids [76]. Fluorescence in
situ hybridization (FISH) revealed two chromosomal rearrangements, and 30 recombinants
were identified between Solanum lycopersicum and Solanum chilense in the Ty-1 introgres-
sion [76]. The results of this study provided useful information for future tomato breeding
programs in terms of selecting the resistance line accurately in a timely manner [76].

6. Gene–Gene Interaction

Gregor Mendel conducted dihybrid crosses to examine how genes can affect traits. In
Gregor Mendel’s experiments, he crossed a homozygous plant with round and yellow seeds
(RRYY) with another homozygous plant with wrinkled and green seeds (rryy) and observed
a phenotypic ratio of 9:3:3:1, where each gene locus had an independent effect on a single
phenotype [6]. Nevertheless, in numerous instances, complex phenotypes do not adhere
to the principles of segregation and independent assortment elucidated by Mendelian
genetics, as they are frequently governed by the contribution of multiple genes to their
ultimate expression [77]. When two genes contribute to the same phenotype (gene–gene
interaction), the phenotypic ratio may deviate from that expected from the independent
action of each gene, a phenomenon known as epistasis [78]. Such interactions between two
or more loci can create novel phenotypes for which the allelic effects of single genes are
described as “dominant” and “recessive” [78]. Epistasis is a phenotypic-level phenomenon,
wherein an independent assortment of genotypes is observed, yet the phenotypic outcomes
may differ from the anticipated ratios [78].

Shull [79] seminal study of the weedy plant Bursa bursa-pastoris, more commonly
known as Shepard’s Purse, is a classic example of epistasis. Upon crossbreeding doubly
heterozygous plants, Shull observed a ratio of 15:1 between triangular and oval capsules,
respectively [79]. This phenomenon is thought to be the result of two pathways, each
containing a dominant locus that produces the triangular shape [79]. When both pathways
are blocked by recessive alleles, an oval-shaped seed capsule is produced, a phenomenon
known as recessive-by-recessive interaction [79]. This suggests that having two recessive
genotypes results in a different phenotype than having just one from either locus. Re-
cent decades have seen a major breakthrough in the field of genome-wide studies, which
typically involve single-locus analysis of variants and their correlation to a certain pheno-
type [80,81]. Despite this, many genetic studies of complex traits have failed to yield results
due to the potential interactions between loci [82].
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Epistatic interactions between quantitative traits can manifest in two forms: a change
in the magnitude of the effects or a change in the direction of the effects [78]. In the
absence of epistasis, the estimates of the additive and dominance effects at each locus
remain the same regardless of the genotype of the other locus [78,83]. However, with
epistasis, the effect of one locus depends on the genotype at its interacting locus [83].
There is still much debate about the relevance of epistasis to quantitative traits, with some
concentrating on individual genotypes and others focusing on the epistatic genetic variance
in populations [83]. Genetical epistasis is independent of allele frequencies, whereas the
total genetic variance in a population is divided between additive, dominance, and epistatic
variance, which are all based on allele frequencies [84]. Epistasis can cause different effects
in populations because the effect of one locus is dependent on the allele frequency of
another locus. Its influence can be strong in one population and weak or even reversed
in another [84]. A lot of additive genetic variance is produced when both loci are at
intermediate frequencies. Unless the genotypic values of one locus are opposite in different
contexts, the additive genetic variance is usually the main source of total genetic variance
for a range of allele frequencies when epistasis is present [83].

Most genetic variance that is observed for quantitative traits is additive, which could be
either ‘real’ or ‘apparent’ due to epistatic gene action at many loci [85]. This is significant for
the purposes of heritability and predicting phenotypes; however, it is especially important
when trying to understand the effects of genetic drift and inbreeding, as well as the
genotype-phenotype map, long-term responses to selection, and genetic interactions [85].
In order to differentiate between ‘real’ and ‘apparent’ additive genetic variance, we must
investigate the presence of epistasis and calculate the genotypic values at related loci
that could be involved in epistatic activities or other higher-order interactions [78,85].
Model plants allow us to determine epistatic interactions through mutations developed in
the same homozygous genetic background, quantitative analysis of inbred and outbred
populations, chromosome substitution, introgression and near-isogenic lines, and induced
mutations [78,85]. The ability to construct mapping populations from crosses of inbred lines
with allele frequencies of 0.5 is notably advantageous since it increases epistatic variance
and the prevalence of two-locus genotypes [78].

Epistasis can be studied through the examination of mutants in the same homozygous
genetic background [86]. Epistasis occurs if the difference in phenotype between the double
mutant cannot be predicted by the combined effects of the two single mutants [87]. This
can either be negative or synergistic, meaning that the double mutant is more mutant than
expected, or positive, meaning that the double mutant is less mutant than expected [86,87].
This method is advantageous as the interacting partners are known, allowing the construc-
tion of genetic interaction networks. However, it is difficult to scale this method to large
numbers of mutations, as it requires the generation of almost ~n2 genotypes to thoroughly
explore the interaction space [86].

The extent to which the intricate epistasis indicated by induced mutation studies
applies to natural populations can be examined through the use of inbred lines, artificial
selection lines, chromosome substitution lines, and the mapping of quantitative trait loci
(QTL) associated with complex traits via linkage and association mapping [88]. Linkage
mapping is done by breeding two lines that differ in the trait of interest and measuring
the genotypes and phenotypes of the mapping population [89]. Association mapping uses
samples of individuals or inbred lines from a natural or unrelated population and looks for
a significant difference in phenotype between marker genotypes [90]. Association mapping
has the ability to capture more genetic diversity and has increased precision but is prone to
artefactual linkages caused by population structure and has reduced power to detect QTL
with minor allele frequencies below 0.5 [78,90].

In QTL mapping, epistasis can be estimated by a statistical model with factors for
each QTL and the interaction between them [78]. Multifactorial perturbations can be used
to screen for epistasis with a small number of individuals, which is more efficient than
constructing all possible gene combinations [78]. Power to detect epistasis is highest in
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inbred lines due to the equal frequencies of each allele [91]. However, in small mapping
populations, the number of individuals with rare homozygous genotypes is small, which
increases the variance of the phenotype [78]. Additionally, other loci can produce con-
founding effects, and multiple testing can make it difficult to detect epistasis. Most studies
only assess additive effects, but epistatic effects can be as large as main effects and can
occur between non-significant loci [91,92]. Epistatic interactions have been observed in
genetic studies of growth rate and metabolites in A. thaliana [93] and differences in inflores-
cence and whole-plant architecture in maize and teosinte [94]. These findings demonstrate
that epistasis must be considered in order to understand the genetics of complex traits.
However, QTL mapping cannot be used to pinpoint the particular genes involved in the
interaction because the QTL intervals contain many genes. Using model organisms, it is
possible to further dissect QTL [95]. Near-isogenic lines can be created in which a QTL
region is incorporated into a single genetic background, and then successive generations of
recombination are used to isolate the exact genomic interval. A. thaliana near-isogenic lines
were used to show two epistatically interacting QTLs, which had opposite effects on growth
rate depending on the genetic context [95]. Transformation and allelic replacement can be
used to prove variants are causal and to construct all possible combinations of variants to
investigate epistasis at the nucleotide level [95].

By introgressing fragments of DNA from one genotype into the genetic background of
another, it is possible to create a powerful QTL mapping design [96]. This can be done either
by introducing entire chromosomes or with smaller fragments across the genome. While
only a small number of introgression lines are necessary, they can be used to map QTLs
with high accuracy [96,97]. Epistasis occurs when the combined effect of the introgressed
fragments is not the same as the average difference in phenotype between the two parental
strains [78,97]. Epistatic interactions between loci can lead to distinct main effects of each
locus, as well as a failure to replicate estimated QTL effects when allele frequencies between
populations vary [96]. To examine this, model organisms can be used to construct mapping
populations with variable QTL allele frequencies, and the resulting in the lack of replication
of QTL effects can indicate the presence of interacting loci [96].

Analysis of interactions between induced mutations is advantageous in that the partici-
pants are precisely identified. However, it is not suitable for large numbers of mutations [98].
Analysis of epistasis between QTL can evaluate interactions between numerous polymor-
phisms and genes, yet there is a high risk of false-positive associations due to the multiple
testing penalty [98]. An alternative technique is to perform single-dimensional screens,
which evaluate the phenotypic effects of a known mutation in different genetic back-
grounds, though this has yet to occur on a considerable scale. Waddington [99] observed
the discrepancy between the large effects of mutations and their phenotypic variability, in
addition to the consistent observance of the wild-type genotype despite the presence of
environmental and genetic disturbances. He coined the term ‘canalization’ to describe the
process of suppressing the effects of variation in response to these perturbations. In mod-
ern terms, genetic canalization involves the dampening (less than additive) relationship
between genetic variants that segregate naturally [99]. By examining the modification of a
mutant allele’s effects by these naturally segregating variants, one can gain insight into the
nature and strength of the naturally occurring epistatic modifier loci [99].

Crossing a mutant allele to a sample of wild-derived lines and assessing the F1 geno-
types’ phenotypes is a variant of the mutant introgression design [78]. This is simpler to
implement than constructing introgression lines, however, it cannot attribute any pheno-
typic variation to allelic or non-allelic complementation without using a QTL-mapping
population [78]. An experimental design can be adapted to evaluate the effects of naturally
segregating epistatic modifiers of mutations that affect quantitative traits in natural pop-
ulations. This includes assessing the additive effects of the mutant and wild-type alleles
of the locus in question in different genetic backgrounds, either as an introgression or an
F1 design [100]. A significant interaction between the mutant and background genotypes
would indicate the presence of epistasis. Examples include maize’s hypersensitive response
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with the Rp1-D21 disease resistance mutation and Arabidopsis thaliana’s morphological and
life history traits with a heat shock protein (HSP)90 RNAi knockdown allele [101,102].

7. Epigenetics

Epigenetic modifications (e.g., DNA methylation, chromatin remodeling, histone mod-
ification, and RNA-directed DNA methylation) can be defined as any changes in gene
expression without alterations in the DNA sequence [103]. It is well-documented that
epigenetics plays a fundamental role in plant growth and development by regulating gene
expression [103–107]. Furthermore, the discovery of epialleles, which can be defined as
genetic variations caused by changes in DNA methylation, has opened up a new under-
standing of how epigenetic modifications can lead to novel phenotypes and contribute
to evolution [108]. Since epigenetic modifications can be influenced by a range of envi-
ronmental stressors, the epigenetic state of an individual can be highly plastic and can be
influenced by both internal and external factors, leading to epialleles being transmitted
to offspring without following traditional Mendelian inheritance patterns [109–111]. This
non-Mendelian behavior of epialleles has important implications for understanding and
studying inheritance, as well as for the fields of evolution and ecology [111–113]. It also
has practical implications for plant breeding, where understanding the non-Mendelian
inheritance of epialleles can help to develop crops that are better adapted to changing
environmental conditions and exhibit improved yield potential through epigenetic re-
combinant inbred lines (epiRILs) (Figure 2) [113,114]. The use of epiRILs allows breeders
to employ the function of epigenetic modifications in gene expression and phenotypic
variation in a controlled genetic background, reducing the confounding effects of genetic
variation [107,115].

The creation of epiRILs involves several steps. First, two parents with different
epigenetic states are crossed to produce an F1 generation. The F1 plants are then selfed
for multiple generations to create a genetically homogeneous population with different
epigenetic states [107]. The resulting epiRILs are then genotyped and phenotyped to
identify genetic and epigenetic factors that contribute to phenotypic variation. Indeed, by
genotyping and phenotyping epiRILs, it can be identified regions of the genome that are
associated with phenotypic variation and epigenetic modifications [115]. This can lead to
the identification of epigenetic modifications that are associated with specific phenotypes
and can be used to develop crops that are better adapted to changing environmental
conditions [107,116].

Several studies have used epiRILs to study the role of epigenetic modifications in
gene expression and phenotypic variation [117–123]. For example, Zhang et al. [124] used
epiRILs to study the role of DNA methylation in gene expression and drought tolerance
in Arabidopsis thaliana. They identified several differentially methylated regions that were
associated with drought tolerance, and demonstrated that DNA methylation can play a
critical role in gene expression and drought tolerance [124].

In another study, Miura et al. [125] used epiRILs to study the role of histone modifi-
cations in gene expression and flowering time in rice. They found several differentially
modified histone marks that were associated with flowering time, and identified that his-
tone modifications can play a critical role in gene expression and phenotypic variation [125].

The use of epiRILs has also been applied to crop improvement. For example,
Xu et al. [126] used epiRILs to study the role of DNA methylation in yield and stress
tolerance in maize. Xu et al. [126] identified several differentially methylated regions that
were associated with yield and stress tolerance and demonstrated that DNA methylation
can be used to improve yield and stress tolerance in maize.

Although the use of epiRILs can result in getting in-depth insights of the role of
epigenetic modifications in gene expression and phenotypic variation, and can be used to
develop crops that are better adapted to changing environmental conditions [107], further
studies using epiRILs are needed to fully understand the complex interactions between
genetic and epigenetic factors in gene expression and phenotypic variation.
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tion. (A) Crossing wild-type (WT) plants with DNA methylation-deficient mutants such as ddm1
mutant can redistribute genome-wide methylation patterns. (B) Progeny carrying WT alleles are
selected for multigenerational inbreeding to generate epigenetic recombinant inbred lines (epiRILs).
(C) The epiRIL population is evaluated for variations in stress resistance or morphological traits to
identify phenotypic outliers. (D) The identified epiRIL lines undergo an epigenetic quantitative trait
loci (epiQTL) analysis to discover novel epialleles. Such epialleles can occur due to the activation
of transposable elements (TEs) and their reinsertion into distant loci, determined by chromatin
properties and the nature of the target sequence (CG content). The scheme was adapted from Srikant
and Tri Wibowo [115] and was created by using BioRender.com.
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8. Gene-Environment Interaction

In most breeding programs, the inheriting genetic traits are not determined by the
laws of Mendelian genetics, because of the interaction of environmental factors and the
genetic makeup of the plant. Gene-environment interaction (GEI) refers to the effect of the
environment on the expression of genetic variation, and it is known to play an important
role in the heritability of traits in plants. Most of the complex traits that are significantly
under control with environmental factors have lower heritability than others that are less
affected by the environment and mostly affected by genetics.

Lower heritability traits in plants can have several disadvantages, which can have
a negative impact on the pace of breeding program. One of the main disadvantages of
lower heritability traits in plants is that they are more difficult to select for [127]. When
selecting for traits, it is generally easier to select for high heritability traits, as they are
more likely to be passed on to the next generation (i.e., follow Mendelian genetics). Low
heritability traits, on the other hand, are more likely to be changed during the selection
process, as they are less likely to be passed on to the next generation. Another disadvantage
of lower heritability traits in plants is that they are more prone to environmental influences.
Although all traits are subject to some degree of environmental influence, low heritability
traits are particularly sensitive to environmental changes. This can lead to unpredictable
changes in the phenotype of the plant, which can be difficult or impossible to control.

9. Linkage and Association Mapping in Plant Breeding

Soon after discovering Mendelian heredity, several breeders demonstrated that some
traits in their crosses did not adhere to Mendel’s principles of heredity and seemed “cou-
pled” [128]. To explain this phenomenon, scientists proposed a hypothesis that certain
traits must be inherited together, e.g., through the linkage of certain genes [128,129]. This
hypothesis was later verified through further experiments, which determined that certain
alleles were always inherited together [128]. This phenomenon was then referred to as
genetic linkage. In genetics, linkage refers to the tendency of certain genes or genetic
markers to appear together more often than expected by chance [128]. Linkage occurs
when two or more genes are located close to each other on the same chromosome.

If genetic linkage is prevalent in the plant genomes, why did Mendel not detect
it through his experiments on pea plants? Mendel studied seven genes in pea plants,
which have seven chromosomes. Although Mendel did not select gene pairs that always
resided on separate chromosomes, some of the gene pairs studied by Mendel were found
to be located on the same chromosome [2]. Other scientists have undertaken experiments
involving the crossing of pea plants that could have demonstrated linkages: i-a, v-fa, v-le,
and fa-le [29]. However, all the gene pairs, excluding one gene (v-le), were too far apart
for Mendel to observe linkage. This implies that, although these gene pairs are syntenic,
they are not statistically linked, leading to their independent assortment [29]. The v-le
cross, however, could have shown a linkage if Mendel had conducted the experiment. It is
feasible that, with one more cross, Mendel could have identified a linkage himself.

Crossing genetically different parents is the initial step in generating linkage maps and
locating genes related to the desired trait. Different types of genetic populations have been
formed for mapping traits, such as F2, F2:3, backcross introgression lines (BILs), recombinant
inbred lines (RILs), near-isogenic lines (NILs), multiparent advanced generation intercross
(MAGIC) populations, and association mapping populations based on natural popula-
tions [130]. Bulk segregant analysis (BSA), F2, and backcross populations are commonly
used in short-term molecular mapping populations, but RILs, NILs, doubled haploid (DH),
nested association mapping (NAM), and MAGIC populations, can be used for more precise
phenotyping and sharing between breeders over a longer period of time [131].

Afterward, genetic linkage can be mapped using different types of molecular mark-
ers such as microsatellites, restriction fragment length polymorphism (RFLP), amplified
fragment length polymorphism (AFLP), or single nucleotide polymorphisms (SNP) mark-
ers [130]. These markers allow breeders to determine the linkage between alleles at different
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loci on the same chromosome. Family-based linkage (QTL mapping), association mapping,
and family-based association mapping are the three main linkage mapping strategies used
to dissect the genetic basis of a trait of interest [131]. Family-based linkage mapping is a
method of mapping genetic loci that involves analyzing the genetic data of either single or
multiple families of progeny from a cross between inbred lines to identify regions of the
genome that are linked to a trait of interest [132]. The resolution of this method is low due
to the limited number of recombination events, but it has high power [133]. Association
mapping is a technique that utilizes generations of unrelated genotypes which have experi-
enced several recombination events over time to better locate the causal variants [134,135].
In order to increase the effectiveness of association mapping to identify rare alleles that
have a major effect on the desired trait, a large sample size (thousands or more) would be
essential [135,136].

Family-based linkage mapping is similar to family-based association mapping in
that it involves multiple families of segregating progeny from crossing different parental
lines [132]. The main difference lies in the fact that family-based association mapping
assumes relatedness between the parental lines via identity by descent (IBD) and linkage
disequilibrium (LD) of alleles, allowing for greater resolution of identifying variants associ-
ated with complex traits [136]. With family-based linkage mapping, however, the parental
lines are assumed to be unrelated, so alternative alleles are modeled as distinct haplotypes,
and this results in less resolution for QTL detection [132].

Family-based linkage mapping is frequently used with low-density genotyping tech-
nologies [137,138], while family-based association mapping necessitates a higher density of
markers [139]. Family-based association mapping is not as popular in human genetics as
association mapping due to the expensive recruitment of participants [140], and is also less
powerful when it comes to detecting QTL due to the small amount of progeny per family.
However, for plants and experimental animals, Family-based association mapping is more
suitable as parents are often fully inbred lines, and large families can be created through
deliberate mattings [140,141]. Since plant breeders often cross a few elite inbred lines or va-
rieties with a range of new inbred lines or varieties to generate numerous segregating [141],
Family-based association mapping can be used in existing breeding programs.

Beavis Effect

The main aim of genetic mapping analyses is to pinpoint the genes that have major
effects on the different expressions of a trait among the tested genotypes [142]. For this aim,
the data gathered from a sampled population is used to estimate the true genetic impacts
of QTL in explaining the phenotyping variance [142]. Several statistical methods have
been used recently for QTL mapping identification to estimate the genetic effects of the
population [143,144]. However, only QTL with test statistics that exceed a certain value
(threshold) are commonly reported. The expected effects of the QTL are greater than actual
values because they come from a cut-off distribution. Most QTL mapping procedures
are capable of detecting QTLs with large effects; however, they are not as successful at
identifying QTLs with intermediate and small effects [144].

Beavis and Wilkinson [145] conducted a simulation study that found that when there
were only 100 progenies evaluated, the estimated phenotypic variances related to correctly
identified QTL were overestimated. This became less pronounced with 500 progenies
evaluated and was close to the true magnitude with 1000 progeny. This phenomenon is
referred to as the Beavis effect (Winner’s Curse). When the sample size is small (e.g., 100),
the statistical power of detecting a small QTL is as low as 3%, and the effects are usually
exaggerated 10-fold [146–148].

The Beavis effect can be used to interpret the results of a meta-analysis of QTL map-
ping [148]. If an experiment is repeated several times, the average effect of a chromosome
location are distorted if the QTL is not seen in every replicate [149]. This should be
taken into account when determining if a particular marker should be incorporated into a
marker-assisted selection program for a quantitative trait [149]. Several methods have been
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developed to alleviate the Beavis effect, however, most of them are precisely worked in a
large population (n > 500) [150–152]. Beavis effects mostly affected linear approaches such
as mixed linear models [150]. However, the Beavis effect can be alleviated by the recent
advances in the use of machine learning algorithms in linkage and association mapping.
Machine learning algorithms are not able to directly estimate the marker effects, meaning
that the Beavis effect may either not be a problem, depending on how the statistical test
and tunning parameters operate. However, more experiments need to be conducted to
explore the possible use of advanced statistical and mathematical approaches to alleviate
the Beavis effect in detecting the true genomic regions associated with the trait of interest.

10. Loss of Heterozygosity (LOH)

Loss of heterozygosity (LOH) is an important phenomenon in plant breeding, as it can
lead to significant changes in the genetic composition of a population [153]. LOH is a type
of non-Mendelian heredity that occurs when a plant loses one of its two alleles due to the
mutation of a gene [153,154]. When this happens, the plant will no longer have two copies
of a particular gene and will only have a single copy of that gene [154]. This, in turn, can
lead to a decrease in the genetic diversity of the population, as well as a reduction in the
effectiveness of selection. In plant breeding, the formation of homozygous lines through
inbreeding can lead to eliminating some alleles, resulting in reduced genetic diversity.
Furthermore, the outcrossing of related varieties can also lead to LOH, as the offspring will
not inherit a full complement of alleles from both parents.

Loss-of-heterozygosity was reported in somatic cells of rice hybrids for the first time
by Wang et al. [155], which involves the selected plant ‘AMR’, of the Chinese rice cultivar
‘ZhongxinNo.1′, as one parent. Variations were identified in the vegetative parts of the
same plant using random amplified polymorphic DNA (RAPD) markers and molecular as-
says [155]. All F2 panicle rows from F1 hybrids involving AMR became fixed for all assayed
RAPD markers, and this genotype fixation was confirmed by field observations of the F3
progenies [155]. The results suggested that in these hybrids, both parental homologues of
some chromosomes in somatic cells are not always present. Later, Wang et al. [156] pro-
posed a new biological mechanism called ‘assortment mitosis’, to explain this phenomenon.
This mechanism can develop uniform progenies as early as the F2 generation and shorten
the time required to obtain fixed non-parental type progenies for subsequent performance
trials [156]. In another study conducted by Wang et al. [157], the root meristem cells of the
rice line AMR, which causes loss of heterozygosity in its hybrids, were observed to exhibit
both normal and assortment mitoses. In the case of normal mitosis, chromosomes did not
form homologous pairs at metaphase, whereas in assortment mitosis, varying numbers of
paired homologues were seen [157]. This suggests a mechanism for genotype fixation in
rice hybrids using AMR [157].

In general, the effect of LOH on plant breeding can be profound, including reducing
the genetic diversity of a population, decreasing its ability to adapt to changing environ-
mental conditions, leading to inbreeding depression, decreasing fertility, and increasing
susceptibility to disease. In addition to reducing the genetic diversity of a population, LOH
can also lead to a decrease in the number of desirable traits that can be selected in a breeding
program. This is because the desirable traits that were present in the parents are lost in the
offspring. As a result, the available genetic material for selection is reduced, limiting the
plant breeder’s ability to select desirable traits. However, LOH is a phenomenon in plant
breeding that has both positive and negative effects. While most researchers focus on the
potential negative effects of LOH, there are also some positive aspects that can be beneficial
for a plant breeder. One of the most significant positive effects of LOH is that it can improve
the uniformity of a particular variety. When a plant has a high level of heterozygosity, the
outcomes of different crosses can be unpredictable, leading to a wide range of different
characteristics in the offspring. By eliminating some of the genetic diversity, LOH can
help ensure that the plants produced are more uniform and consistent, which is especially
important when breeding plants for a specific purpose. LOH can also be beneficial for a
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plant breeder because it can help to speed up the breeding process, by reducing the amount
of genetic diversity in the hybrid derivatives.

11. Conclusions

In conclusion, non-Mendelian heredity has become increasingly important in plant
breeding. It can be influenced by several factors that are not related to the genetic archi-
tecture of the plant, such as epigenetics, methylation, cytoplasmic inheritance, and hybrid
vigor. By exploring these non-Mendelian heredity mechanisms and their implications
for plant breeding, we can better understand their prevalence in plants and how they
can be used to accelerate the pace of crop improvement. This review paper provides an
overview of the various forms of non-Mendelian inheritance, their mechanisms, patterns
of inheritance, and applications in plant breeding. It also highlights the potential that
non-Mendelian heredity holds for future research and its implications for plant breeding.
By gaining a better understanding of non-Mendelian heredity, plant breeders can have
more tools to develop better varieties of plants that are more resistant to disease, climate
change, and other environmental factors. Ultimately, this will lead to improved yields and
a more sustainable plant breeding approach.
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