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ABSTRACT 
 

Polyploidy, the condition of possessing multiple sets of chromosomes, is a widespread 
phenomenon in plants that has had a profound impact on crop evolution and improvement. This 
review explores the role of polyploidy in plant breeding strategies, emphasizing its contributions to 
enhancing agronomic traits, overcoming genetic barriers, and expanding genetic diversity. Polyploid 
crops, such as wheat, cotton, and Brassica species, exhibit superior yield, increased biomass, and 
enhanced stress tolerance compared to their diploid counterparts. Polyploidy can arise naturally or 
be induced artificially, providing breeders with opportunities to create novel crop varieties through 
synthetic polyploidization. The complexity of polyploid genomes poses significant challenges, 
including fertility issues, meiotic instability, and difficulties in genome management. Advances in 
genomic and biotechnological tools, such as genomic selection and CRISPR-based genome 
editing, are beginning to address these obstacles, allowing for precise manipulation of polyploid 
genomes and improved breeding outcomes. Additionally, polyploidy plays a crucial role in 
overcoming reproductive barriers in interspecific hybrids, facilitating the transfer of desirable traits 
between species that would otherwise be genetically incompatible. The potential of polyploidy for 
developing climate-resilient crops is particularly noteworthy, as polyploid plants often exhibit greater 
tolerance to drought, salinity, and extreme temperatures. This makes polyploid breeding a 
promising approach for addressing the challenges of climate change and ensuring food security. 
Future research should focus on understanding the genetic and epigenetic mechanisms underlying 
polyploid genome stability and trait expression, as well as integrating advanced computational tools 
to predict and manipulate polyploid gene function. Emerging areas such as synthetic biology and 
multi-omics integration will further enhance our ability to engineer polyploid crops with complex trait 
architectures. Polyploidy remains a powerful and versatile tool for plant breeders, offering immense 
potential for crop improvement, genetic innovation, and the development of resilient agricultural 
systems. As the understanding and technological capabilities in polyploid breeding continue to 
advance, polyploid crops will play a central role in sustainable agricultural development and global 
food production. 
 

 

Keywords: Polyploidy; crop improvement; genome stability; genetic diversity; stress tolerance; 
hybridization. 

 

1. INTRODUCTION 
 

1.1 Polyploidy and Its Significance in 
Plant Evolution 

 

Polyploidy, defined as the condition of 
possessing more than two complete sets of 
chromosomes, has played a pivotal role in 
shaping the evolutionary trajectory of numerous 
plant species. It can be broadly categorized into 
two types: autopolyploidy, which results from 
chromosome doubling within a single species, 
and allopolyploidy, which arises through 
hybridization between distinct species followed 
by chromosome duplication. This chromosomal 
rearrangement confers significant advantages by 
creating novel genetic combinations and 
contributing to increased genetic variation, which 
is crucial for adaptation and speciation 
(Kirkpatrick and Barton 2006). 
 

Polyploidy is recognized as a major driving force 
in plant diversification and has been estimated to 
account for 15-30% of flowering plant speciation 

events. Moreover, genome duplications are often 
linked to key evolutionary radiations and 
adaptations, enabling plants to colonize new 
habitats and withstand environmental stresses. 
For example, polyploidy is suggested to have 
contributed to the success of various plant 
lineages by providing genetic redundancy that 
buffers against deleterious mutations and 
facilitates the development of novel gene 
functions (Van et al. 2017). 
 

1.2 History and Importance in Crop 
Species 

 

Historically, polyploidy has been instrumental in 
the domestication and improvement of many of 
the world’s major crops. Modern crops such as 
wheat (Triticum aestivum), cotton (Gossypium 
hirsutum), potato (Solanum tuberosum), and 
banana (Musa spp.) are either naturally occurring 
or synthetic polyploids. Polyploidy has conferred 
these species with a range of advantageous 
traits, including increased cell size, enhanced 
vigor, and improved resistance to biotic and 
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abiotic stresses. For example, the bread wheat 
(hexaploid, 2n = 6x = 42) is a product of multiple 
hybridization and polyploidization events, 
combining genomes from three different 
ancestral species. This genomic complexity has 
been central to wheat’s adaptability and success 
as a staple crop worldwide (Rasheed et al. 
2018). 
 
The phenomenon of polyploidy has also 
facilitated interspecific and intergeneric 
hybridization, which is often crucial in 
overcoming genetic barriers and expanding the 
gene pool available for crop breeding. For 
instance, the synthetic polyploidization of 
Brassica species has been utilized to produce 
new varieties with enhanced agronomic traits, 
showcasing the role of induced polyploidy in 
plant breeding. These polyploid breeding 
approaches are significant not only for their 
immediate utility but also for the long-term 
sustainability of crop production under changing 
environmental conditions (Rauf et al. 2016). 
 

1.3 Purpose and Scope of the Review 
 
The purpose of this review is to provide a 
comprehensive analysis of the impact of 
polyploidy on crop improvement and to explore 
its implications for modern plant breeding 
strategies. While the evolutionary role of 
polyploidy has been extensively documented, its 
application in crop improvement has garnered 
renewed attention due to recent advancements 
in genomic and biotechnological tools. This 
review aims to synthesize the current 
understanding of polyploidy’s contributions to 
crop traits such as yield, stress tolerance, and 
disease resistance, and to discuss how these 
traits can be harnessed in breeding programs. 
 

2. MECHANISMS AND CONSEQUENCES 
OF POLYPLOIDY 

 

2.1 Formation and Types of Polyploidy 
(Autopolyploidy vs. Allopolyploidy) 

 
Polyploidy, the condition of possessing more 
than two complete sets of chromosomes, can 
arise through various mechanisms that result in 
two primary types: autopolyploidy and 
allopolyploidy (Ramsey et al. 1998). 
Autopolyploidy occurs within a single species 
when chromosome duplication takes place 
without hybridization, typically due to meiotic or 
mitotic errors. This process leads to the 

formation of plants with multiple sets of 
homologous chromosomes, which increases cell 
size and sometimes results in gigantism, a trait 
beneficial in certain agricultural contexts. 
Examples include autotetraploid crops like alfalfa 
(Medicago sativa) and potato (Solanum 
tuberosum), where increased ploidy enhances 
traits like tuber size and biomass production. 
 
Allopolyploidy arises through hybridization 
between two or more distinct species, followed 
by chromosome doubling to restore fertility in 
otherwise sterile hybrids. This type of polyploidy 
combines divergent genomes, contributing to 
novel genetic combinations and increased 
heterozygosity, which can lead to hybrid vigor 
and improved adaptability (Sattler et al. 2016). 
An archetypal example is bread wheat (Triticum 
aestivum), an allohexaploid with genomes from 
three different grass species. Allopolyploidy is 
particularly significant in plant evolution because 
it allows for rapid speciation by merging 
genomes from distinct lineages, thus providing a 
mechanism for immediate reproductive isolation 
and genetic innovation. 
 

2.2 Genetic and Epigenetic Changes Due 
to Polyploidy 

 

Polyploidy induces a range of genetic and 
epigenetic changes, which have profound 
implications for genome organization, gene 
expression, and evolutionary dynamics. 
Genetically, polyploidization is often 
accompanied by genome rearrangements such 
as deletions, duplications, and chromosomal 
translocations, which can occur immediately 
following polyploid formation or accumulate over 
time (Table 1). These structural changes can 
lead to the loss or silencing of redundant genes, 
a phenomenon known as diploidization, which 
restores genetic balance in polyploid genomes 
(Matzke et al. 1999). For example, in the 
allotetraploid cotton (Gossypium spp.), genomic 
analyses have revealed widespread 
homoeologous exchanges that contribute to 
phenotypic variation and adaptation. 
 

Epigenetically, polyploidization triggers 
modifications such as DNA methylation, histone 
modification, and changes in small RNA 
expression, which regulate gene expression and 
stabilize the merged genomes. These changes 
can lead to genomic shock, where transposable 
elements become activated and contribute to 
genome restructuring. Such epigenetic 
reprogramming is thought to play a key role in
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Table 1. Genetic Changes Resulting from Polyploidy 
 

Category Mechanism Description Implications 

 
 
Genetic 
Changes 

Gene Duplication Polyploidy results in duplication of the entire genome, 
leading to multiple copies of genes. 

Can result in genetic redundancy, allowing for evolutionary 
divergence through neofunctionalization or subfunctionalization. 

Allelic Diversity Increased chromosome sets introduce novel allelic 
combinations. 

Enhances genetic diversity, potentially increasing adaptive 
potential in varying environments. 

Chromosomal 
Rearrangements 

Higher ploidy levels can induce chromosomal 
rearrangements such as translocations, inversions, and 
deletions. 

Leads to structural genome changes, impacting gene regulation 
and speciation events. 

Homoeologous Gene 
Silencing 

Silencing of one set of duplicated genes due to lack of 
selective pressure or dosage compensation. 

Alters gene expression, resulting in novel phenotypes and 
functional redundancy. 

Genomic Instability Polyploid organisms may experience genomic instability 
due to increased chromosome number. 

Facilitates rapid evolutionary changes but can also lead to 
detrimental mutations. 

  
Table 2. Polyploidy in Plant Breeding Strategies 

 

Strategy Mechanism Description Applications 

Induced Polyploidy Chemical Agents 
(Colchicine, Oryzalin) 

Treatment with chemicals to induce chromosome 
doubling in plants. 

Used to create new polyploid varieties with enhanced traits 
such as increased size, yield, and stress resistance. 

Hybrid Vigor Allopolyploid Formation Combining genomes of different species to create 
allopolyploids with hybrid vigor. 

Results in robust hybrids with improved growth, disease 
resistance, and environmental tolerance. 

Gene Dosage Effect Increased Gene Copies Enhancing specific traits by increasing the number of 
gene copies. 

Useful in breeding for traits like flower color intensity, larger 
fruit size, or enhanced secondary metabolite production. 

Overcoming Sterility Restoring Fertility in 
Hybrids 

Polyploidy helps restore fertility in interspecific 
hybrids by doubling chromosome numbers. 

Widely applied in breeding crops like wheat and canola 
where fertility barriers exist in hybrids. 

Heterozygosity 
Maintenance 

Genome Duplication in 
Perennials 

Maintains genetic diversity and vigor by preventing 
inbreeding depression. 

Particularly beneficial in breeding perennial crops like 
sugarcane and alfalfa. 

Genome Stability Mitigating Genomic 
Shock in Crosses 

Stabilizes genome structure in interspecific crosses, 
reducing chromosomal rearrangements. 

Useful in developing stable breeding lines with desirable 
traits across generations. 

Seedless Varieties Triploid Breeding Producing seedless fruits through the use of triploid 
plants (e.g., watermelons, bananas). 

Enhances consumer appeal and marketability by producing 
seedless fruit varieties. 

Increased Biomass Polyploid Biomass 
Enhancement 

Polyploidy often leads to increased cell size and 
biomass accumulation. 

Exploited in bioenergy crops like Miscanthus and switchgrass 
for higher biofuel yield. 

Disease Resistance Enhanced Genetic 
Resistance 

Higher ploidy levels may introduce or combine 
resistance genes from different genomes. 

Applied in breeding disease-resistant crops like potatoes and 
strawberries. 

Stress Tolerance Improved Abiotic Stress 
Response 

Polyploid plants often exhibit enhanced tolerance to 
drought, salinity, and temperature extremes. 

Used to breed climate-resilient crops, especially in changing 
environmental conditions. 
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the immediate response to genome merger, 
modulating gene expression to minimize conflicts 
between the parental genomes and promoting 
novel gene functions. For instance, in synthetic 
allopolyploids of Brassica, alterations in DNA 
methylation patterns were associated with rapid 
and heritable changes in gene expression, 
underscoring the role of epigenetics in 
phenotypic variation and adaptation (Liu et al. 
2009). 
 

2.3 Impact on Genome Structure, Gene 
Expression, and Stability 

 

The consequences of polyploidy on genome 
structure and gene expression are diverse and 
context-dependent, reflecting the complex 
interplay between genetic and epigenetic factors. 
Polyploid genomes are inherently more unstable 
than diploid genomes, due to the presence of 
multiple, often divergent, sets of chromosomes. 
This instability can manifest as genome size 
variation, structural rearrangements, and uneven 
retention of genes from the parental species. In 
many polyploids, a phenomenon known as 
subgenome dominance emerges, where one of 
the parental genomes (subgenomes) becomes 
more transcriptionally active and less prone to 
gene loss than the other (Blasio et al. 2022). This 
pattern has been documented in maize (Zea 
mays) and cotton, where differential                
expression and selective gene retention 
contribute to functional divergence between 
subgenomes. 
 
Polyploidy can also lead to gene dosage effects 
and novel regulatory interactions, resulting in 
changes to metabolic pathways, developmental 
processes, and stress responses. In some 
cases, these changes are advantageous, 
providing polyploids with increased vigor                 
and broader environmental tolerance, a 
phenomenon termed neofunctionalization or 
subfunctionalization. For instance, in tetraploid 
Arabidopsis, gene expression analysis revealed 
that polyploidy reshaped regulatory networks, 
enhancing abiotic stress tolerance compared to 
their diploid counterparts (Tossi et al. 2022). 
 
Despite these benefits, polyploidy can also pose 
challenges to genome stability, especially in 
newly formed polyploids, where chromosome 
mispairing during meiosis can lead to aneuploidy 
and reduced fertility. To mitigate these issues, 
established polyploid species often undergo 
genome stabilization, a process that can involve 
selective elimination of redundant chromosomes, 

structural rearrangements, and epigenetic 
reprogramming. For example, in synthetic 
allohexaploid wheat, recurrent genome 
adjustments and epigenetic modifications were 
observed over multiple generations, ultimately 
resulting in a more stable and fertile polyploid 
genome (Paun et al. 2007). 
 

3. POLYPLOIDY AND CROP 
IMPROVEMENT 

 

3.1 Contribution to Agronomic Traits 
(Yield, Size, Stress Tolerance) 

 
Polyploidy has a profound impact on agronomic 
traits, contributing significantly to increased yield, 
enhanced size, and improved stress tolerance in 
numerous crop species. The increase in 
chromosome number typically leads to cell 
enlargement, resulting in larger plant organs 
such as leaves, fruits, and seeds. This 
phenomenon, known as gigas effect, is 
frequently observed in polyploid crops such as 
tetraploid alfalfa (Medicago sativa) and hexaploid 
wheat (Triticum aestivum), where the larger cell 
size translates into higher biomass and yield 
(Adhikari et al. 2019). 
 
Polyploidy often confers increased biomass and 
vigor, which can be advantageous for breeding 
programs aimed at producing high-yielding 
varieties. For instance, polyploid maize (Zea 
mays) exhibits enhanced growth and productivity 
compared to its diploid relatives, largely due to 
changes in gene expression and hormone 
regulation that promote better resource allocation 
and greater photosynthetic efficiency. Similarly, 
polyploidy in crops like potato (Solanum 
tuberosum) has been associated with increased 
tuber size and number, making it a desirable trait 
for commercial production (Nadakuduti et al. 
2018). 
 
Polyploidy also enhances abiotic stress 
tolerance, providing an advantage in suboptimal 
growing conditions. For example, tetraploid rice 
(Oryza sativa) shows improved drought and 
salinity tolerance compared to its diploid 
counterparts, attributed to the redundancy of 
stress-responsive genes and the buffering 
capacity conferred by extra gene copies. In 
strawberries (Fragaria spp.), the octoploid 
genome has been linked to better cold tolerance 
and extended fruiting seasons, illustrating the 
utility of polyploidy in breeding programs 
targeting diverse agroecological zones. 
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3.2 Role in Enhancing Biotic and Abiotic 
Stress Resistance 

 

Polyploidy plays a crucial role in enhancing 
resistance to both biotic and abiotic stresses, 
contributing to the resilience and sustainability of 
polyploid crops under challenging environmental 
conditions (Islam et al. 2022). One of the key 
mechanisms by which polyploidy enhances 
stress resistance is through gene redundancy, 
where multiple copies of stress-related genes 
provide a backup system to counteract damage 
caused by pathogens, pests, or adverse 
environmental factors. This redundancy allows 
polyploid crops to maintain higher fitness levels 
and survive in habitats that would be unfavorable 
for diploid relatives. 

 
For example, in bread wheat (Triticum aestivum), 
the allohexaploid genome integrates genetic 
material from three different ancestral species, 
contributing to a rich reservoir of resistance 
genes against rust diseases (Puccinia spp.) and 
powdery mildew (Blumeriagraminis). The 
presence of multiple gene loci controlling 
resistance not only enhances the crop's defense 
mechanisms but also reduces the likelihood of 
pathogen evolution leading to resistance 
breakdown (Brown 2015). In cotton (Gossypium 
hirsutum), another polyploid crop, the 
combination of A and D genomes has                    
been shown to enhance tolerance to both               
insect pests and drought, making it a valuable 
trait for cultivation in regions prone to these 
stresses. 
 
Polyploidy also enhances tolerance to abiotic 
stresses such as extreme temperatures, salinity, 
and heavy metal toxicity. In polyploid Brassica 
species, for example, enhanced salt tolerance is 
attributed to the presence of multiple copies of 
ion transport and regulatory genes, which enable 
better control of ion homeostasis and reduce the 
detrimental effects of salt stress. Similarly, 
polyploid Arabidopsis has been found to possess 
higher tolerance to oxidative stress and nutrient 
deficiency due to the upregulation of stress-
responsive genes and metabolic pathways (Tossi 
et al. 2022). 

 
3.3 Generation of Genetic Diversity and 

Novel Traits 
 
Polyploidy generates genetic diversity and novel 
traits through various mechanisms, making it a 
powerful tool for crop improvement. The 

duplication of entire genomes creates 
opportunities for genome rearrangements, gene 
diversification, and functional innovation, which 
can lead to new phenotypic traits that are not 
present in the diploid progenitors. This increased 
genetic variation is particularly useful for 
breeding programs that aim to introduce novel 
traits, such as improved nutritional content, 
enhanced flavor, or unique morphological 
characteristics. 

 
In some cases, polyploidy results in heterosis 
(hybrid vigor), where the combination of different 
genomes leads to superior growth and 
development compared to either parent (Chen 
2010). This effect is commonly seen in crops like 
rapeseed (Brassica napus), where allopolyploidy 
has combined the genomes of Brassica rapa and 
Brassica oleracea, producing a species with high 
oil content and improved stress tolerance. The 
genetic diversity introduced through 
allopolyploidy has also been leveraged to 
enhance disease resistance in synthetic wheat 
and cotton varieties, highlighting its potential in 
crop breeding. 

 
Polyploidy can lead to neofunctionalization or 
subfunctionalization of duplicated genes, where 
one gene copy acquires a new function or both 
copies partition their roles to optimize plant 
performance. This process underlies the 
emergence of traits such as improved nutrient 
uptake, better flowering time regulation, and 
altered secondary metabolism, which can be 
advantageous for both crop yield and quality 
(Morales et al. 2020). For example, in octoploid 
strawberries, duplicated genes have diversified 
to regulate fruit development and ripening, 
contributing to improved flavor and extended 
shelf life. 

 
Polyploidy has been utilized in induced mutation 
breeding to expand genetic diversity and 
introduce novel traits. Synthetic polyploids 
generated through colchicine treatment or tissue 
culture have been used to create new varieties 
with enhanced disease resistance, improved root 
systems, and unique flower colors, 
demonstrating the versatility of polyploidy in 
generating agriculturally valuable traits. This 
approach has been particularly successful in 
ornamental crops, where polyploidization has led 
to the development of new cultivars with 
increased flower size, novel pigmentation, and 
enhanced floral fragrance (Datta 2022). 



 
 
 
 

Thriveni et al.; J. Adv. Biol. Biotechnol., vol. 27, no. 11, pp. 714-725, 2024; Article no.JABB.125405 
 
 

 
720 

 

4. POLYPLOIDY IN PLANT BREEDING 
STRATEGIES 

 

4.1 Use of Induced Polyploidy in 
Breeding Programs 

 
Induced poly ploidy has been a fundamental tool 
in plant breeding, allowing researchers to 
artificially create polyploids with desirable 
agronomic traits and improved adaptability (Table 
2). Polyploidization can be induced through 
several methods, most commonly using chemical 
agents such as colchicine or oryzalin, which 
disrupt spindle fiber formation during mitosis, 
leading to chromosome doubling. This technique 
has been successfully applied to create polyploid 
versions of economically important crops such as 
wheat (Triticum aestivum), cotton (Gossypium 
spp.), and banana (Musa spp.), enhancing traits 
like disease resistance, yield, and fruit size. 
 

Induced polyploidy is especially valuable in 
overcoming limitations related to sterility and 
fertility in interspecific hybrids, thereby expanding 
the genetic base available for breeding (Sattler et 
al. 2016). For instance, synthetic hexaploid 
wheat, developed by combining tetraploid wheat 
with diploid goat grass (Aegilops tauschii), has 
contributed new alleles for drought and disease 
resistance, which were previously inaccessible in 
traditional wheat breeding programs. Similarly, 
the use of colchicine to induce tetraploidy in 
watermelon (Citrullus lanatus) has resulted in the 
development of seedless varieties, which are 
highly preferred in the consumer market. 
 
Beyond trait improvement, induced polyploidy 
has been employed to restore fertility in sterile 
hybrids by balancing chromosome sets (Dewey 
1980). This is particularly crucial in wide 
hybridization, where chromosome numbers from 
different species are incompatible, leading to 
meiotic instability. An example is the successful 
development of the triticale crop (a hybrid of 
wheat and rye), where chromosome doubling 
stabilized the sterile hybrid and created a fertile 
polyploid with combined traits of both parental 
species, including high protein content from 
wheat and stress tolerance from rye. 
 
In ornamental plants, polyploidization has been 
used to develop varieties with enhanced floral 
traits, such as larger flowers, novel colors, and 
increased petal number. This approach has been 
applied to many floricultural crops, including 
roses (Rosa spp.), lilies (Lilium spp.), and orchids 
(Orchidaceae), where induced polyploidy has led 

to commercially valuable improvements in both 
aesthetic appeal and plant vigor (De 2017). 
 

4.2 Hybridization Strategies and 
Overcoming Genetic Barriers 

 
Polyploidy is a powerful tool for overcoming 
genetic barriers in hybridization, particularly in 
wide crosses between species or genera that are 
otherwise incompatible. The ability to create 
stable polyploids from sterile hybrids offers plant 
breeders the opportunity to combine desirable 
traits from distant taxa, which would be 
impossible to achieve through conventional 
diploid breeding. Polyploidy stabilizes these 
hybrids by equalizing the chromosome numbers, 
thus ensuring normal meiotic pairing and fertility 
restoration. 
 
One of the most well-known examples is bread 
wheat (Triticum aestivum), which originated 
through a series of natural allopolyploidization 
events involving three distinct grass species. 
Each polyploidization event resulted in the 
integration of genomes from different species, 
overcoming genetic barriers and creating a 
stable hexaploid with high adaptability and 
agronomic performance (Pourkheirandish et al. 
2020). Similarly, triticale, an artificial hybrid 
between wheat and rye (Secale cereale), was 
developed through induced polyploidy to 
overcome sterility, resulting in a crop that 
combines wheat’s grain quality with rye’s 
tolerance to poor soils and cold temperatures. 
 
In the genus Brassica, the concept of the U’s 
Triangle illustrates the use of interspecific 
hybridization and polyploidy to create novel 
synthetic species with distinct combinations of 
the A, B, and C genomes. This strategy has been 
employed to generate new synthetic polyploids, 
such as Brassica napus (oilseed rape), which 
combines the genomes of Brassica rapa and 
Brassica oleracea. The resulting allopolyploid is 
a high-yielding crop with enhanced disease 
resistance and diverse industrial applications 
(Trojak-Goluch et al. 2021). 
 
Polyploidy can also be used to overcome 
reproductive barriers in interspecific hybrids that 
exhibit abnormal meiosis due to genome 
incompatibilities. For example, in Citrus, 
interspecific hybrids often display reduced fertility 
due to chromosome mispairing, but induced 
polyploidy has been used to restore fertility and 
create new hybrid cultivars with improved fruit 
quality and stress tolerance. In the case of 
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synthetic polyploids in the Solanum genus, such 
as hybrids between Solanum tuberosum              
(potato) and wild relatives, polyploidization has 
enabled the introduction of disease resistance 
genes while maintaining desirable tuber               
traits. 
 

4.3 Integration of Modern Tools (Genomic 
Selection, CRISPR) 

 

Recent advances in genomic and 
biotechnological tools have revolutionized the 
application of polyploidy in plant breeding, 
making it possible to precisely manipulate 
complex polyploid genomes and accelerate trait 
development (Borrill et al. 2019). One such tool 
is genomic selection (GS), which uses high-
density markers across the genome to predict 
the breeding value of complex traits, thereby 
enabling the efficient selection of superior 
polyploid individuals. GS has been particularly 
valuable in crops like potato, where complex 
polygenic traits such as yield and disease 
resistance are difficult to assess using traditional 
breeding approaches. By leveraging GS, 
breeders can accurately select for desirable 
alleles in tetraploid potato breeding populations, 
significantly reducing the time required to 
develop new cultivars. 
 

The advent of CRISPR/Cas9 genome editing has 
also opened new avenues for the precise 
manipulation of polyploid genomes, overcoming 
previous challenges associated with redundant 
and homoeologous gene copies (Schaart et al. 
2021). In polyploid crops like wheat and canola 
(Brassica napus), CRISPR has been used to 
knock out specific alleles, enabling the study of 
gene function and the development of novel traits 
such as herbicide resistance and improved oil 
composition. For instance, in hexaploid bread 
wheat, CRISPR has been utilized to 
simultaneously edit all three homoeologous 
copies of the TaQsd1 gene, resulting in 
enhanced grain quality without compromising 
yield. 
 

Polyploid-specific breeding strategies have been 
developed to integrate CRISPR with haploid 
induction and doubled haploid techniques, 
creating an efficient platform for trait fixation and 
rapid cultivar development. This approach has 
been successfully applied in maize and rice, 
where genome editing combined with haploid 
induction has accelerated the development of 
elite polyploid lines with enhanced stress 
tolerance and disease resistance (Bhowmik and 
Bilichak 2021). 

In CRISPR, other genome-wide tools such as 
RNA-seq, GWAS (genome-wide association 
studies), and transcriptome analysis have been 
integrated into polyploid breeding programs to 
dissect the genetic basis of complex traits and 
identify novel gene candidates for crop 
improvement. These tools have been used in 
crops like cotton and sugarcane to understand 
the impact of polyploidy on gene expression 
networks and trait inheritance, providing insights 
that guide marker-assisted selection and 
genomic selection. 
 

5. CHALLENGES AND LIMITATIONS 
 

5.1 Complexity in Polyploid Genome 
Management 

 

Polyploidy poses significant challenges for plant 
breeding and crop improvement due to the 
inherent complexity of polyploid genomes. 
Polyploids typically have multiple sets of 
homologous or homoeologous chromosomes, 
which complicates traditional genetic and 
genomic analyses (Soltis et al. 2016). This 
complexity affects not only the assembly and 
annotation of polyploid genomes but also hinders 
the identification of key genes associated with 
traits of interest. For instance, in allopolyploids 
like wheat (Triticum aestivum) and cotton 
(Gossypium hirsutum), the presence of 
homoeologous genes from different subgenomes 
often results in gene redundancy, making it 
difficult to assess gene function and expression 
patterns accurately. 
 

One of the primary complexities in polyploid 
genome management is the phenomenon of 
subgenome dominance, where one subgenome 
is preferentially expressed and retained, while 
the other subgenome may undergo gene 
silencing or loss. This asymmetry in gene 
expression complicates breeding efforts, as it 
affects trait inheritance and the stability of 
phenotypic traits (Leamy and Klingenberg 2005). 
Moreover, the genomic instability associated with 
newly formed polyploids can result in 
chromosomal rearrangements, gene loss, and 
altered regulatory networks, making it difficult to 
maintain consistent genetic backgrounds over 
generations. 
 

The epigenetic changes that accompany 
polyploidy, such as modifications in DNA 
methylation, histone modification, and small RNA 
regulation, add another layer of complexity. 
These changes can lead to transcriptional 
rewiring and novel gene expression patterns, 
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complicating the prediction of phenotypic 
outcomes in polyploid breeding. Such 
complexities underscore the need for advanced 
genomic tools and bioinformatics approaches to 
effectively manage and manipulate polyploid 
genomes. 
 

5.2 Fertility Issues and Ploidy Stability 
 

One of the most significant challenges in 
polyploid breeding is fertility issues, particularly in 
newly synthesized polyploids. Fertility problems 
arise due to meiotic irregularities, such as 
improper chromosome pairing and segregation, 
which lead to the production of unbalanced 
gametes (Egozcue et al. 2000). These meiotic 
irregularities are common in synthetic polyploids 
and can result in low seed set, poor germination 
rates, and ultimately reduced viability of polyploid 
lines. 
 

For example, in synthetic allohexaploid wheat, 
early generations often display significant fertility 
problems due to the presence of unpaired 
homoeologous chromosomes. Similarly, in 
tetraploid and triploid fruits like bananas (Musa 
spp.) and watermelons (Citrullus lanatus), the 
uneven distribution of chromosomes during 
meiosis leads to sterility, which poses a 
challenge for developing fertile, high-yielding 
varieties. To address these issues, breeders 
must employ strategies such as chromosome 
doubling or recurrent selection to stabilize ploidy 
levels and enhance fertility in polyploid 
populations (Eeckhaut et al. 2018). 
 

Another related challenge is ploidy stability, 
particularly in newly synthesized or hybrid 
polyploids. Over successive generations, 
polyploid genomes may undergo genomic 
restructuring, resulting in changes to ploidy level, 
gene content, and chromosome number. This 
instability can lead to aneuploidy or the loss of 
entire chromosomes, affecting trait stability and 
complicating breeding efforts. The instability of 
polyploid genomes is often exacerbated by 
environmental stress, which can trigger 
transposable element activation and 
chromosomal rearrangements, further 
complicating the maintenance of stable, high-
performing polyploid lines (Baduel et al. 2018). 

 
5.3 Strategies for Effective Polyploid 

Breeding 
 
To address the challenges associated with 
polyploid breeding, several strategies have been 

developed. One approach is the use of genome 
stabilization techniques, such as recurrent 
selection and backcrossing to diploid parents, 
which help eliminate undesirable genomic 
rearrangements and stabilize ploidy levels. 
Another strategy is genome editing using tools 
like CRISPR/Cas9 to target specific gene copies 
and correct fertility-related defects, thereby 
enhancing meiotic stability and fertility in 
synthetic polyploids. 

 
Marker-assisted selection (MAS) and genomic 
selection (GS) have been employed to manage 
the complex inheritance patterns in polyploid 
breeding populations (Ceballos et al. 2015). 
These approaches use high-density genetic 
markers to track favorable alleles and predict 
breeding values, enabling the selection of 
superior polyploid lines with high genetic stability 
and desirable agronomic traits. Combining MAS 
and GS with high-throughput phenotyping can 
further accelerate the development of improved 
polyploid cultivars. 

 
6. FUTURE  
 
6.1 Potential for Synthetic Polyploid 

Development 
 
The potential for developing synthetic polyploids 
offers exciting opportunities for crop 
improvement and diversification. Synthetic 
polyploidization allows breeders to combine 
genomes from different species, creating novel 
gene combinations and generating crops with 
enhanced traits such as increased biomass, 
stress tolerance, and disease resistance (Sattler 
et al. 2016). Recent advances in genomic 
technologies and biotechnological tools have 
made it feasible to design synthetic polyploids 
with specific characteristics, opening new 
avenues for crop improvement. 

 
For example, the creation of synthetic wheat and 
rice polyploids has provided access to novel 
genetic resources that are not present in their 
natural diploid progenitors. Synthetic polyploids 
also offer the potential to overcome the 
limitations of traditional breeding by introducing 
genetic variation that enhances adaptability and 
resilience. Additionally, synthetic polyploids can 
serve as a platform for exploring fundamental 
questions about genome evolution and stability, 
providing insights that can be applied to other 
crops (Baduel et al. 2018). 
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6.2 Application in Climate-Resilient Crop 
Breeding 

 
Polyploidy has the potential to play a critical role 
in developing climate-resilient crops, which are 
necessary to address the challenges posed by 
global climate change. Polyploids often exhibit 
greater tolerance to environmental stresses, 
such as drought, salinity, and extreme 
temperatures, due to their enhanced genetic 
diversity and gene redundancy. This makes them 
ideal candidates for breeding programs aimed at 
developing crops that can thrive under 
suboptimal conditions. 

 
In particular, polyploid crops like wheat, cotton, 
and Brassica species have been shown to 
possess superior adaptability to diverse 
agroecological zones, making them valuable for 
breeding climate-resilient cultivars. Breeding 
efforts focused on harnessing the genetic 
potential of polyploids for improved stress 
tolerance will be critical for ensuring global food 
security in the face of changing climates (Wani et 
al. 2022). 

 
6.3 Emerging Research Areas and 

Technological Advancements 
 
Several emerging research areas are likely to 
shape the future of polyploid breeding. Advances 
in genome editing, such as CRISPR/Cas9, have 
enabled the precise manipulation of polyploid 
genomes, allowing for targeted gene knockouts 
and the creation of novel allelic combinations. 
This technology can be combined with haploid 
induction and genome doubling to create stable 
polyploid lines with desirable traits. Similarly, 
synthetic biology approaches, such as the design 
of synthetic polyploid genomes, offer new 
possibilities for engineering crops with complex 
trait architectures. 

 
Computational tools and bioinformatics are also 
advancing rapidly, enabling researchers to 
analyze polyploid genomes at an unprecedented 
scale. Techniques such as pan-genome analysis, 
epigenomic profiling, and multi-omics integration 
will provide deeper insights into polyploid 
genome dynamics and trait regulation        
(Mahmood et al. 2022). These technologies                
will facilitate the development of                      
next-generation polyploid crops that are tailored 
to meet the demands of future agricultural 
systems. 
 

7. CONCLUSION 
 
Polyploidy has proven to be a transformative 
force in plant evolution and crop breeding, 
contributing to increased genetic diversity, 
enhanced agronomic traits, and improved 
adaptability. Despite the complexity associated 
with polyploid genomes, advancements in 
genomic tools and biotechnological strategies 
are enabling more precise management and 
utilization of polyploids in breeding programs. 
Challenges such as fertility issues, genome 
instability, and trait inheritance can now be 
addressed through approaches like genomic 
selection and CRISPR-based genome editing. 
The potential for synthetic polyploids, particularly 
in developing climate-resilient crops, holds 
promise for ensuring global food security under 
changing environmental conditions. As research 
continues to evolve, polyploidy will remain a 
powerful tool in plant breeding, driving innovation 
and expanding the genetic potential of crops for 
sustainable agriculture. 
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