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Review Article

ABSTRACT

Heterosis, the phenomenon where hybrid offspring exhibit superior traits compared to their inbred
parents, has captivated scientists for decades due to its immense potential for crop improvement.
Unravelling the molecular basis of heterosis has remained a challenge, but recent advancements in
genomic and molecular techniques have shed new light on this intriguing phenomenon. This review
paper provides a comprehensive overview of the current understanding of the molecular
mechanisms underlying heterosis. We delve into the intricate interplay of genetic factors and
regulatory networks that contribute to the manifestation of heterosis. Genomic studies have
revealed structural variations, such as rearrangements and copy number variations, which may play
a crucial role in hybrid vigour. Furthermore, we explore the dynamic nature of gene expression
patterns during hybridization, highlighting the activation of novel gene networks and the modulation
of epigenetic mechanisms. Transcriptomic analyses have identified key genes and pathways
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associated with heterosis, shedding light on the intricate molecular interactions that drive the
superior performance of hybrids. Additionally, we discuss the emerging role of small RNAs,
transcription factors, and regulatory elements in orchestrating heterosis. These molecular players
act as conductors in the genetic symphony of hybrid vigour, fine-tuning gene expression and
facilitating the coordinated functioning of diverse biological processes. Understanding the molecular
basis of heterosis holds immense promise for crop improvement and sustainable agriculture. By
leveraging this knowledge, breeders can harness the full potential of hybrid breeding to develop
high-yielding and resilient crop varieties. This review aims to inspire further research and
collaboration in unravelling the mysteries of heterosis, paving the way for innovative strategies to
enhance global food security and agricultural productivity.

Keywords: Crop improvement; heterosis; hybrid vigour; hybrid breeding; resilient crop; transcription.

1. INTRODUCTION

Heterosis, also known as hybrid vigour, is a
phenomenon that has fascinated scientists and
breeders for over a century [1]. It refers to the
superior performance of hybrid offspring
compared to their inbred parental lines in various
traits, such as vyield, growth rate, disease
resistance, and stress tolerance. The exploitation
of heterosis has revolutionized agriculture by
significantly improving crop productivity and
quality. Shull [2] discovered and initially
introduced the idea of heterosis by observing its
occurrence in hybrid offspring of maize. He later
officially coined the term "heterosis" to describe
this phenomenon. The concept of heterosis was
first implemented in genetic breeding of maize,
leading to the production of numerous high-
quality maize hybrids starting from the 1930s [3].
Notably, since 2011, the cultivation of hybrids
has contributed significantly to an eightfold
increase in maize yield in America [4]. Despite
the practical importance of heterosis, its
underlying genetic and molecular mechanisms
have remained elusive. Understanding the
molecular basis of heterosis is crucial for
unravelling the secrets behind this phenomenon
and harnessing its potential for crop
improvement. Koelreuter [5] presented the initial
empirical evidence demonstrating that the growth
of hybrid tobacco surpasses that of its parental
plants.

Over the vyears, numerous studies have
attempted to decipher the intricate genetic and
molecular interactions that contribute to
heterosis. Recent advancements in genomics,
transcriptomic and molecular techniques have
provided unprecedented insights into the
molecular underpinnings of this phenomenon.
F1-hybrid plants exhibit various advantageous
characteristics compared to their homozygous
parental inbred lines, such as increased

biomass, size, yield, development speed, fertility,
disease resistance, resistance to insect pests,
and tolerance to challenging climates [6].
However, if hybrids are self-pollinated over
multiple generations, the level of heterozygosity
and vigour gradually decreases, leading to a
phenomenon known as inbreeding depression
(refer to Glossary). Therefore, heterosis and
inbreeding depression are two distinct aspects of
the same phenomenon [3,7]. Charles Darwin first
described heterosis in 1876 when he noticed that
cross-pollinated maize (Zea mays) progeny were
25% taller than inbred maize progeny [8].

At the genomic level, researchers have
discovered structural variations, such as
chromosomal rearrangements, copy number
variations, and transposable element
mobilizations, which are associated with
heterosis. These alterations can lead to changes
in gene dosage, gene expression, and regulatory
networks, ultimately influencing the phenotypic
traits observed in hybrid offspring.

The concepts of midparent heterosis (MPH) and
best parent heterosis (BPH) quantify the extent
of phenotypic difference exhibited by a trait in a
hybrid (F;) compared to its parental inbred lines
(P1, P2) [9]. MPH denotes a trait that
demonstrates a hybrid performance significantly
superior to the average value (midparent)
calculated from the two parental inbred lines
(MPH = F; * [(P1 + P,)/2]). On the other hand,
BPH indicates a hybrid trait that performs
significantly better than the superior does (BP) of
the two homozygous parental inbred lines (BPH
= F;* BP) [10]. In addition, studies on gene
expression patterns have revealed the presence
of unique transcriptomic profiles in hybrid plants
compared to their parental lines. Complex
regulatory networks, involving transcription
factors, small RNAs, epigenetic modifications,
and hormone signaling pathways, have been
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implicated in orchestrating the differential gene
expression patterns that contribute to hybrid
vigour [11].

The molecular basis of heterosis is a
multifaceted puzzle that requires an integrative
approach, combining genetics, genomics,
epigenetics, and systems biology. By unravelling
the genetic and molecular factors underlying
heterosis, scientists aim to develop strategies for
predicting hybrid performance, optimizing
parental combinations, and manipulating key
genes and pathways to enhance desired traits. In
this review, we aim to provide a comprehensive
overview of the current understanding of the
molecular basis of heterosis. We will explore the
latest research findings, discuss the key genetic
and molecular players involved, and highlight the
challenges and future directions in this exciting
field of study. By gaining a deeper understanding
of the molecular mechanisms driving heterosis,
we can unlock its full potential for sustainable
agriculture and meet the challenges of global
food security [12].

Recently, several laboratories have commenced
examining various molecular aspects of heterosis
utilizing newly available molecular tools. In the
past, the analysis of quantitative trait loci (QTLS)
served as an initial step in comprehending the
molecular underpinnings of heterosis [13]. While
these studies demonstrated that heterosis is
determined by a limited number of individual
genes inherited in a complex manner, none of
the QTLs associated with heterotic traits have
been successfully cloned thus far. However, with
the advent of innovative molecular tools enabling
comprehensive phenotyping based on QTL
analysis, followed by map-based cloning, there is
a potential for identifying the loci responsible for
controlling heterotic traits in the foreseeable
future [14].

2. STRATEGIES
BREEDING

FOR HETEROSIS

Conducting extensive hybridization tests to
obtain hybrid F; lines exhibiting heterosis is not
recommended due to the significant resources,
time, and unreliable results it entails [15].
Melchinger and Gumber [16] proposed an
alternative approach of utilizing heterotic groups
as a foundation for crossbreeding. Heterotic

groups are populations classified based on their
breeding requirements, possessing abundant
genetic variation and high combining ability. In a
genome-wide association study (GWAS)
conducted by Chen et al. [17] on yield traits,
general combining ability (GCA), and specific
combining ability (SCA) in rice, the use of
combining ability as a basis for classifying
heterotic groups was strongly supported,
providing valuable insights for studying
combining ability in vegetables (Fig.. 1). Other
studies have also demonstrated that combining
ability, genetic distance, and molecular markers
can serve as the foundation for evaluating
parental inbred lines and predicting heterosis in
F1 hybrids of vegetables [18-19].

General combining ability (GCA) represents the
average performance of a specific set of hybrid
combinations and is primarily influenced by
additive gene effects and additive x additive
interactions. On the other hand, specific
combining ability (SCA) assesses the average
performance of particular hybrid combinations in
relation to the parental lines and arises from
dominance, epistatic deviations, and genotype x
environmental interactions [20]. Parents with a
high GCA effect exhibit greater adaptability and
are less influenced by environmental factors [21].
It is important to note that superior traits in
parents do not always guarantee their
inheritance in offspring [22]. Hence, evaluating
combining ability provides more reliable
information  than  solely assessing the
performance of individual lines. Various types of
combining ability tests can be employed to
identify superior parental lines for developing
heterotic hybrids, such as line x tester analysis,
topcross tests, single-cross tests, poly-cross
tests, and diallel mating [13]. Singh et al. [23]
conducted a complete diallel cross test on seven
diverse bitter gourd lines and observed that
combinations with high x high GCA often
produced substantial SCA effects, making them
potential candidates for developing superior
variants  through the pedigree method.
Combinations involving high/low x low GCA can
also exhibit high but less stable SCA effects,
which are suitable for heterosis breeding. This
finding aligns with the results reported by
Chaudhary et al. [24] in okra and Franco et al.
[25,26] in common bean, genetic variability in
mung bean by Thonta et al. [7].
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Fig. 1. Factors involved in applying heterosis-breeding strategies: obtaining heterotic lines

and maintaining heterosis in the elite lines in the offspring
Source: Yu et al. [27]

3. HETEROSIS-ASSOCIATED
EXPRESSION IN RICE & MAIZE

GENE

In maize, the presence of small gene families
contributes to the complexity of understanding
the quantitative effects of gene deletions in
inbred lines. It is likely that these genes are
functionally compensated by duplicate copies
located elsewhere in the genome, resulting in
only minor effects on plant performance [28]. In
recent years, several studies have focused on
analyzing gene expression associated with
heterosis in maize and rice. These studies have
employed different approaches, such as

comparing gene expression patterns between
inbred lines and hybrids using selected genes or
conducting high-throughput gene expression
analyses through microarray profiling or Gene
Calling [30]. Various stages of plant development
have been investigated, including embryos,
endosperm, seedlings, shoot apical meristems,
ear tissue, leaves, and rice panicles, using
different genetic backgrounds [30,32] (Table 1).

However, it is important to note that these
studies exhibited significant variations in their
experimental designs, statistical procedures, and
tissues and genotypes analyzed. Consequently,
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no consistent global expression patterns were
observed across all the gene expression studies.
Some studies highlighted non-additive gene
expression as prevalent between inbred lines
and hybrids, while others observed
predominantly additive gene expression for most
genes. Additionally, one study reported an equal
number of genes exhibiting additive and non-
additive expression [30,32] (Table 1). The
discrepancies in these findings may stem from
the differences in genotypes, plant materials,
experimental designs, and statistical procedures
employed in the respective studies.

In summary, the analysis of gene expression
associated with heterosis has yielded diverse
and sometimes conflicting results. The variations
in experimental approaches and genetic
backgrounds utilized by different studies
contribute to the lack of uniformity in global
expression patterns. Future research should aim
to address these discrepancies by employing
standardized experimental designs and statistical
procedures, as well as conducting comparative
analyses across multiple genetic backgrounds, to
gain a more comprehensive understanding of
heterosis-related gene expression.

Table 1. Heterosis-associated gene expression in Rice and maize

Plant organ Developmental Approach Genetic Global Refs
stage background expression
trend
Rice
Panicle Stage Ill, IV, V. 9K cDNA Zhenshan97 Additivity [30]
microarrays
Minghui63
Maize
Embryo 6 DAP 12K cDNA UHO005 Additivity [31]
microarrays
SSH UH301
gRT-PCR
Endosperm 10, 14, 21 DAP  Gene Calling 7 Pioneer Non-additivity [32]
inbred lines
Endosperm 18 DAP RT-PCR B73 Non-additivity  [33]
BSSS53
Embryo 19 DAP 13.5K Mol7 Additivity [34]
microarrays
Seedling 11 DAG B73
Immature ear
Seedling 14 DAG 14K cDNA Mol7 Additivity [35]
microarrays
gRT-PCR B73
Shoot apical 21-23 DAP 12K cDNA UH002 Non-additivity [36]
meristem microarrays
gRT-PCR UHO005
UH250
UH301
Adult leaves Quantitative Mol7 Non-additivity  [37]
of diploids Northern
and triploids
blotting B73
Immature ear Gene Calling 17 Pioneer Additivity and  [38]
inbred
lines Non-additivity

Abbreviations: DAP, days after pollination; DAG, days after germination; SSH, suppressive subtractive
hybridization. Source: Hochholdinger and Hoecker [29]
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4. VARIOUS MODELS FOR
UNDERSTANDING THE MOLECULAR
BASIS OF HETEROSIS

Exploring heterosis at the molecular level
involves various approaches, such as genome
organization studies, transcriptome-wide gene
expression profiling, and investigating allele-
specific contributions to gene expression [39].
These molecular investigations ultimately
converge on fundamental and widely accepted
models of heterosis, which include the combined
expression of alleles and diverse interactions
between alleles in a hybrid [40]. Despite ongoing
research efforts, heterosis remains a captivating
and intriguing subject, prompting continuous
exploration and the acquisition of additional
knowledge. Recent advancements in
epigenetics, genomics, proteomics, and
metabolomics have played a crucial role in
unravelling the mysteries of this phenomenon. In
this context, we present a summary and
comprehension of the current perspectives that
shed light on the existence of hybrid vigour in
plant species. Several models have been
proposed, represented in (Fig. 2) to understand
the molecular basis of heterosis. Here are some
of the prominent models:-

Dominance Model: This classical model
suggests that heterosis arises from the
dominance of advantageous alleles in
hybrids [41]. The superior performance
of hybrids is attributed to the masking of
deleterious recessive alleles by dominant
alleles [42-43].

Over dominance/Epistasis Model: This
model proposes that heterosis is driven
by the interaction between different
alleles at multiple loci [44]. The
combined effect of these alleles in
hybrids leads to a superior phenotype
that exceeds the performance of both
parents [45-47].

Additive Model: According to this
model, heterosis results from the
accumulation of additive genetic effects
across multiple loci. The interaction
between additive alleles leads to
enhanced performance in hybrids [48].
Combinatorial/Network Model: This
model emphasizes the importance of
gene regulatory networks and
interactions between genes. Heterosis is
thought to arise from the combinatorial
effects of genes and their interactions
within these networks [49].

Inbred Parent 1

|. Dominance

H H Y
Wl Ii Y
11

Il. overdominance
1'| I!‘ Y
I I
11

I1l. Pseudo-Overdominance

v X

iy
IV. Epistasis Model

=] |:

SN

SR~

F1 Hybrid

I I G N\

Genotypye Phenotypye Genotypye Phenotypye Genotypye Phenotypye

\

Hp gh~ \Yf

1 I
11

“rnne

Hp I:l'
I I
1

Inbred Parent 2

Sp ;,
hph “(
I I
11
p - A
i"l I g
fE T
11

=8 4
SN E

Fig. 2. Genetic models for heterosis for dominance, overdominance, pseudodominance
and epistasis model
Source: Rehman et al. [59]
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5. Metabolic Model: This model focuses
on the metabolic pathways and
biochemical processes involved in
heterosis. It suggests that the increased
metabolic activity and efficiency in

hybrids contribute to their superior
performance [50].
6. Epigenetic Model: Epigenetic

modifications, such as DNA methylation
and histone modifications, have been
proposed to play a role in heterosis. This
model suggests that changes in the
epigenetic landscape contribute to the
altered gene expression patterns and
phenotypic  superiority observed in
hybrids [51].

It is important to note that these models are not
mutually exclusive, and the molecular basis of
heterosis is likely a complex interplay of multiple
factors. Advances in genomics, transcriptomics,
proteomics, and other molecular techniques
continue to shed light on the underlying
mechanisms of heterosis and may lead to the
development of new models and hypotheses.

5. FUTURE SCOPE OF MOLECULAR
HETEROSIS

The future of molecular heterosis holds
promising possibilities for advancing our
understanding and utilization of hybrid vigour.
Here are some potential aspects to consider:

1. Genomic Selection: Genomic selection
techniques can facilitate the identification
of genomic regions associated with
heterotic traits. By analyzing large-scale
genomic data, researchers can predict
hybrid performance and select parental
lines with higher combining ability more
efficiently [52].

2. Gene Editing and Manipulation:
Advanced gene editing technologies like
CRISPR-Cas9 offer the potential to
precisely manipulate specific genes and
regulatory elements involved in heterosis
[53]. This could enable targeted
enhancements of heterotic traits and the
creation of custom-designed hybrids with
desired characteristics.

3. Transcriptomics and Epigenetics:
Investigating gene expression patterns and
epigenetic modifications during
hybridization can provide insights into the
molecular mechanisms underlying
heterosis. Transcriptomic studies can

identify key gene networks and pathways
associated with hybrid vigour, while
epigenetic analysis can uncover heritable
changes in gene expression patterns that
contribute to heterosis [54].

4. Multi-Omics Integration: Integrating data

from multiple omics levels, such as
genomics, transcriptomics, proteomics,
and metabolomics, can provide a

comprehensive understanding of the
molecular basis of heterosis. This holistic
approach allows for a more detailed

characterization of the complex
interactions and regulatory networks
involved in hybrid vigour [55].

5. Machine Learning and Artificial

Intelligence: The application of machine
learning algorithms and artificial
intelligence techniques can help analyses
vast amounts of molecular data and extract
meaningful patterns and predictive models
related to heterosis. These methods can
assist in identifying genetic factors,
biomarkers, and molecular signatures
associated with hybrid performance [56].

6. Hybrid Breeding Strategies:
Incorporating molecular markers and
genomic information into traditional
breeding programs can optimize hybrid-
breeding strategies. Utilizing marker-
assisted selection and genomic prediction
can enhance the efficiency and precision
of hybrid development, leading to the
production of superior hybrids with
improved performance [57].

7. Systems Biology Approaches: Adopting
systems biology approaches can provide a
holistic understanding of the complex
interactions among genes, proteins, and
metabolites that contribute to heterosis.
Integrating data from different biological
levels can unravel emergent properties
and regulatory networks that drive hybrid
vigour [58].

By integrating these future aspects of molecular
heterosis, researchers can deepen our
understanding of the underlying molecular
mechanisms, accelerate the development of
improved hybrids, and ultimately enhance
agricultural productivity and sustainability.

6. CONCLUSION
In conclusion, the study of heterosis at the

molecular level has provided valuable insights
into the mechanisms underlying this complex

234



Pansare et al.; Int. J. Environ. Clim. Change, vol. 13, no. 9, pp. 228-237, 2023; Article no.lJECC.102073

phenomenon. Various models, including the
dominance model, over dominance/epistasis
model, additive model, combinatorial/network
model, metabolic model, and epigenetic model,
have been proposed to explain the molecular
basis of heterosis. These models highlight the
importance of gene expression, allelic
interactions, metabolic processes, and epigenetic
modifications in driving hybrid vigour. While
classical genetic models based on dominance
and additive effects remain popular among plant
breeders, it is becoming increasingly evident that
the understanding of heterosis requires a
broader perspective. The context of genome
dynamics, particularly in polyploid species, adds
complexity to the interpretation of hybrid vigour.
The use of molecular markers, allozymes, and
sequencing plant genomes has been suggested
as valuable tools for unravelling the genetic basis
of hybrid vigour and understanding the impact of

self-pollination on this phenomenon.
Furthermore, the application of modern
molecular techniques, such as genomics,

transcriptomics, proteomics, and metabolomics,
holds great potential for advancing our
knowledge of heterosis. These techniques
enable the exploration of genome-wide changes
in gene and protein expression, as well as the
investigation of epigenomic and metabolic
alterations in hybrids. In summary, the study of
heterosis has evolved beyond classical genetic
models, with increasing emphasis on molecular
approaches. The integration of various models
and the utilization of advanced molecular
techniques have the potential to provide a more
comprehensive understanding of heterosis and
its underlying molecular mechanisms. This
knowledge can contribute to the development of
new breeding strategies and the enhancement of
crop productivity by harnessing the power of
hybrid vigour.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Shull GH. What is heterosis? Genetics.
1948;33(5):439.

2. Shull GH. The composition of a field of
maize. Journal of Heredity. 1908;(1):296-
301.

3. Shull GH. Duplicate genes for capsule-
form in Bursa bursa-pastoris. Z Indukt
Abstamm Vererbungsl. 1914;12(1):97-149.

10.

11.

12.

13.

14.

15.

16.

17.

235

Tian F, Bradbury PJ, Brown PJ, Hung H,
Sun Q, Flint-Garcia S, Rocheford TR,
McMullen MD, Holland JB, Buckler ES.
Genome-wide association study of leaf
architecture in the maize nested
association mapping population. Nature
genetics. 2011;43(2):159-62.

Koelreuter J. In Methods of Plant Breeding
(eds. Hayes HK, Immer FR, Smith BC.)
Mcgraw Hill Book Co. Inc., 1763.

Falconer DS, Mackay TFC. Introduction
toquantitative genetics (4th edn),
Longman, eds 1996.

Thonta R, Pandey MK, Kumar R,
Santhoshini. Studies on correlation and
path coefficient for growth and vyield
attributes in green gram (Vigna radiata L.
Wilczek). Pharma Innovation
2023;12(6):1910-1915.

Darwin CR. The effects of cross- and self-
fertilization in the vegetable kingdom (1st
edn), John Murray, ed. 1876.

Li Z, Sun J, Hirsch CN. Understanding
Environmental Modulation of Heterosis.
Plant Breeding Reviews. 2022;46:219-37.
Feys K, Demuynck K, De Block J, Bisht A,
De Vliegher A, Inzé D, Nelissen H. Growth
rate rather than growth duration drives
growth heterosis in maize B104 hybrids.
Plant, Cell & Environment. 2018;41(2):374-
82.

Chen ZJ. Genomic and epigenetic insights
into the molecular bases of heterosis.
Nature Reviews Genetics. 2013;14(7):471-
82.

Purugganan MD, Jackson SA. Advancing
crop genomics from lab to field. Nature
Genetics. 2021;53(5):595-601.

Fasahat P, Rajabi A, Rad JM, Derera JJ.
Principles and utilization of combining
ability in plant breeding. Biometrics &

Biostatistics International Journal. 2016;
4(1):1-24.

Lippman ZB, Zamir D. Heterosis: revisiting
the magic. Trends in genetics. 2007;
23(2):60-6.

Singh PK, Dasgupta SK, Tripathi SK.
Hybrid vegetable development. CRC
Press; 2005.

Melchinger AE, Gumber RK. Overview of
heterosis and heterotic groups in

agronomic crops. Concepts and breeding
of heterosis in crop plants. 1998;25:29-44.
Chen J, Zhou H, Xie W, Xia D, Gao G,
Zhang Q, Wang G, Lian X, Xiao J, He Y.
Genome-wide association analyses reveal
the genetic basis of combining ability in



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Pansare et al.; Int. J. Environ. Clim. Change, vol. 13, no. 9, pp. 228-237, 2023; Article no.lJECC.102073

rice. Plant Biotechnology Journal. 2019;
17(11):2211-22.

Mather K. The balance of polygenic
combinations.  Journal of  Genetics.
1942;43:309-36.

Griffing BR. Concept of general and
specific combining ability in relation to
diallel crossing systems. Australian journal
of biological sciences. 1956;9(4):463-93.
Geleta LF, Labuschagne MT, Viljoen CD.
Relationship  between heterosis and
genetic distance based on morphological
traits and AFLP markers in pepper. Plant
Breeding. 2004;123(5):467-73.

Jagosz B. The relationship between
heterosis and genetic distances based on
RAPD and AFLP markers in carrot. Plant
breeding. 2011;130(5):574-9.

Sharma BB, Sharma VK, Dhakar MK,
Punetha S. Combining ability and gene
action studies for horticultural traits in
garden pea: A review. African Journal of
Agricultural Research. 2013;8(38):4718.
Rajendrakumar P, Hariprasanna K,
Seetharama N. Prediction of heterosis in
crop plants—status and prospects. J. Exp.
Agric. 2015;9:1-6.

Chaudhary PL, Kumar B, Kumar R.
Analysis of Heterosis and Heterobeltiosis
for Earliness, Yield and Its Contributing
Traits in Okra (Abelmoschus esculentus L.
Moench). International Journal of Plant &
Soil Science. 2023;35(11):84-98.

Kenga R, Alabi SO, Gupta SC. Combining
ability studies in tropical sorghum
(Sorghum bicolor (L.) Moench). Field crops
research. 2004;88(2-3):251-60.

Caixeta Franco M, Tulio Cassini S,
Rodrigues Oliveira V, Vieira C, Mui Tsai S,
Damiao Cruz C. Combining ability for
nodulation in common bean (Phaseolus
vulgaris L.) genotypes from Andean and
Middle American gene pools. Euphytica.
2001;118:265-70.

Yu D, Gu X, Zhang S, Dong S, Miao H,
Gebretsadik K, Bo K. Molecular basis of
heterosis and related breeding strategies
reveal its importance in vegetable
breeding. Horticulture research. 2021.
Hochholdinger F, Hoecker N. Towards the
molecular basis of heterosis. Trends in
plant science. 2007;12(9):427-32.

Fu H, Dooner HK. Intraspecific violation of
genetic colinearity and its implications in
maize. Proceedings of the National
Academy of Sciences. 2002 Jul 9;
99(14):9573-8.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

236

Huang Y, Zhang L, Zhang J, Yuan D, Xu
C, Li X, Zhou D, Wang S, Zhang Q.
Heterosis and polymorphisms of gene
expression in an elite rice hybrid as
revealed by a microarray analysis of 9198
unigue ESTs. Plant molecular biology.
2006;62:579-91.

Meyer S, Pospisil H, Scholten S. Heterosis
associated gene expression in maize
embryos 6 days after fertilization exhibits

additive, dominant and overdominant
pattern. Plant molecular biology. 2007;
63:381-91.

Guo M, Rupe MA, Danilevskaya ON, Yang
X, Hu Z. Genome-wide mRNA profiling
reveals heterochronic allelic variation and
a new imprinted gene in hybrid maize
endosperm. The Plant Journal. 2003;
36(1):30-44.

Song R, Messing J. Gene expression of a
gene family in maize based on
noncollinear haplotypes. Proceedings of

the National Academy of Sciences.
2003;100(15):9055-60.
Stupar RM, Springer NM. Cis-

transcriptional variation in maize inbred
lines B73 and Mol7 leads to additive
expression patterns in the F1 hybrid.
Genetics. 2006;173(4):2199-210.
Swanson-Wagner RA, Jia Y, DeCook R,
Borsuk LA, Nettleton D, Schnable PS. All
possible modes of gene action are
observed in a global comparison of gene
expression in a maize F1 hybrid and its
inbred parents. Proceedings of the
National Academy of Sciences.
2006;103(18):6805-10.

Uzarowska A, Keller B, Piepho HP,
Schwarz G, Ingvardsen C, Wenzel G,
Libberstedt T. Comparative expression
profiing in meristems of inbred-hybrid
triplets of maize based on morphological
investigations of heterosis for plant height.
Plant molecular biology. 2007;63:21-34.
Auger DL, Gray AD, Ream TS, Kato A,
Coe Jr EH, Birchler JA. Nonadditive gene
expression in diploid and triploid hybrids of
maize. Genetics. 2005;169(1):389-97.

Guo M, Rupe MA, Yang X, Crasta O,
Zinselmeier C, Smith OS, Bowen B.
Genome-wide transcript analysis of maize
hybrids: allelic additive gene expression
and vyield heterosis. Theoretical and
Applied Genetics. 2006;113:831-45.
Cheng SH, Zhuang JY, Fan YY, Du JH,
Cao LY. Progress in research and
development on hybrid rice: a super-



40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Pansare et al.; Int. J. Environ. Clim. Change, vol. 13, no. 9, pp. 228-237, 2023; Article no.lJECC.102073

domesticate in China. Annals of botany.
2007;100(5):959-66.

Birchler JA, Auger DL, Riddle NC. In
search of the molecular basis of heterosis.
The Plant Cell. 2003;15(10):2236-9.
Schnable PS, Springer NM. Progress
toward understanding heterosis in crop
plants. Annual review of plant biology.
2013;64:71-88.

Thonta R, Pandey MK, Kumar R,
Santhoshini. Analysis of genetic variability,
heritability and genetic advance for growth
and yield attributes in green gram (Vigna
radiata L. Wilczek). International Journal of
Statistics and Applied Mathematics 2023;
8(3S):43-47.

DOI: 10.22271/maths.2023.v8.i3Sa.996
Yao H, Dogra Gray A, Auger DL, Birchler
JA. Genomic dosage effects on heterosis
in triploid maize. Proceedings of the
National Academy of Sciences.
2013;110(7):2665-9.

Birchler JA, Yao H, Chudalayandi S,
Vaiman D, Veitia RA. Heterosis. The Plant
Cell. 2010;22(7):2105-12.

Birchler JA, Yao H, Chudalayandi S.
Unraveling the genetic basis of hybrid

vigor. Proceedings of the National
Academy of Sciences. 2006;103(35):
12957-8.

Powers L. An expansion of Jones's theory
for the explanation of heterosis. The
American Naturalist. 1944;78(776):275-80.
Liang Q, Shang L, Wang Y, Hua J. Patrtial
dominance, overdominance and epistasis
as the genetic basis of heterosis in upland
cotton (Gossypium hirsutum L.). PLoS
One. 2015;10(11):e0143548.

Jizhong S. A review on the research and
utilization of hybrid vigor of cotton. Acta
Gossypii Sinica (China). 1994.

Ombholt SW, Plahte E, @yehaug L, Xiang
K. Gene regulatory networks generating
the phenomena of additivity, dominance
and epistasis. Genetics. 2000;155(2):969-
80.

Song GS, Zhai HL, Peng YG, Zhang L,
Wei G, Chen XY, Xiao YG, Wang L, Chen
YJ, Wu B, Chen B. Comparative

51.

52.

53.

54.

55.

56.

57.

58.

59.

transcriptional profiling and preliminary
study on heterosis mechanism of super-
hybrid rice. Molecular plant. 2010;
3(6):1012-25.

Kapazoglou A, Ganopoulos |, Tani E,
Tsaftaris A. Epigenetics, epigenomics and
crop improvement. InAdvances in botanical
research  2018;86:287-324.  Academic
Press.

Stuber CW, Polacco M, Lynn M. Synergy
of empirical breeding, marker-assisted
selection, and genomics to increase crop
yield potential. Crop Science. 1999;
39(6):1571-83.

Ansari WA, Chandanshive SU, Bhatt V,
Nadaf AB, Vats S, Katara JL, Sonah H,
Deshmukh R. Genome editing in cereals:
approaches, applications and challenges.
International  Journal  of  Molecular
Sciences. 2020;21(11):4040.

Liu W, Zhang Y, He H, He G, Deng XW.
From hybrid genomes to heterotic trait
output: Challenges and opportunities.
Current  Opinion in Plant Biology.
2022;66:102193.

Xu 'Y, Zhang X, Li H, Zheng H, Zhang J,
Olsen MS, Varshney RK, Prasanna BM,
Qian Q. Smart breeding driven by big data,

artificial  intelligence and integrated
genomic-enviromic prediction. Molecular
Plant. 2022.

Babu R, Nair SK, Prasanna BM, Gupta
HS. Integrating marker-assisted selection
in crop breeding—prospects and
challenges. Current Science. 2000:607-19.
Schaefer RJ, Michno JM, Myers CL.
Unraveling gene function in agricultural
species using gene  co-expression
networks. Biochimica et Biophysica Acta
(BBA)-Gene  Regulatory  Mechanisms.
2017;1860(1):53-63.

Fu D, Xiao M, Hayward A, Jiang G, Zhu L,
Zhou Q, Li J, Zzhang M. What is crop
heterosis: new insights into an old topic.
Journal of applied genetics. 2015;56:1-3.
Rehman A ur, Dang T, Qamar S, llyas A,
Fatema R, Kafle M, et al. Revisiting Plant
Heterosis—From Field Scale to Molecules.
Genes [Internet]. 2021;12(11):1688.

© 2023 Pansare et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/102073

237


http://creativecommons.org/licenses/by/2.0

