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Abstract Polyploidy plays a crucial role in crops of the Triticeae tribe (such as wheat, barley, and rye), significantly influencing
their evolutionary history and agronomic traits. Through mechanisms such as genome duplication, gene rearrangement, and
functional diversity, polyploidy has driven the adaptability and productivity of Triticeae crops. Understanding the genetic
mechanisms of polyploidy is essential for improving these important crops. This study explores the genetic mechanisms underlying
the formation of polyploidy in Triticeae and its impact on agronomic traits. By analyzing post-polyploidization genomic changes,
epigenetic modifications, and gene expression regulation, this research reveals how polyploidy promotes the improvement and
enhanced adaptability of Triticeae crops. Additionally, it summarizes the applications of polyploidy in modern breeding and discusses
its potential role in crop breeding and climate change adaptation in the future. Polyploidy not only has profound effects on the
evolution of Triticeae crops but also provides important genetic resources for crop improvement. By gaining a deeper understanding
of the molecular basis of polyploidy, breeders can leverage its advantages to enhance crop yield, disease resistance, and drought
tolerance. Furthermore, polyploidy holds great significance in addressing complex genetic patterns and optimizing breeding
strategies, contributing to the solutions for the challenges faced by modern agriculture.
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1 Introduction

Polyploidy, the condition of possessing more than two complete sets of chromosomes, is a significant
evolutionary force in the plant kingdom. The Triticeae tribe, which includes economically important crops such as
wheat, barley, and rye, is particularly rich in polyploid species. This phenomenon has played a crucial role in the
evolutionary history and adaptation of these species, contributing to their genetic diversity and agronomic traits.

Polyploidy has been a recurring theme in the evolutionary history of plants, including the Triticeae tribe. The
process of polyploidization involves whole-genome duplication, which can occur through autopolyploidy
(duplication within a single species) or allopolyploidy (combining genomes from different species) (Huang and
Zhu, 2018). In the Triticeae tribe, allopolyploidy is particularly prevalent and has been a major driver of
speciation and adaptation (Jauhar, 2007). For instance, the evolutionary history of wheat involves multiple
polyploidization events, leading to the formation of hexaploid bread wheat (Triticum aestivum) from its diploid
and tetraploid ancestors (Middleton et al., 2014). These events have resulted in complex genomic architectures
and have facilitated the adaptation of Triticeae species to diverse environments (Blasio et al., 2022).

Polyploidy has had profound agronomic implications for crops like wheat and barley. The duplication of entire
genomes has led to increased genetic variation, which is a valuable resource for breeding and crop improvement
(Renny-Byfield and Wendel, 2014). In wheat, polyploidy has contributed to traits such as increased grain size,
improved stress tolerance, and higher yield potential (Jauhar, 2007). Similarly, barley has benefited from
polyploidization through enhanced adaptability and resilience to environmental stresses (Middleton et al., 2014).
The genomic complexity introduced by polyploidy also poses challenges, such as difficulties in genome assembly
and analysis, but advances in sequencing technologies are helping to overcome these obstacles (Renny-Byfield
and Wendel, 2014).
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This study provides a comprehensive overview of the genetic mechanisms and agronomic impacts of polyploidy
in the Triticeae tribe. By exploring the evolutionary processes that have shaped the genomes of polyploid
Triticeae species, with a focus on wheat and barley, it discusses the effects of polyploidy on the agronomic traits
of these crops and the potential for future crop improvement. Polyploidy has played a key role in the evolution
and domestication of Triticeae crops. Its role in generating genetic diversity and enhancing agronomic traits
highlights the importance of continued research in this field. By synthesizing current research findings, the study
examines the genetic complexity and practical significance of polyploidy, aiming to deepen the understanding of
polyploidy in Triticeae and its importance for agriculture and plant breeding, offering valuable insights for
researchers and breeders.

2 Mechanisms of Polyploidy Formation in Triticeae

2.1 Types of polyploidy: autopolyploidy and allopolyploidy

Polyploidy, the condition of having more than two complete sets of chromosomes, is a significant evolutionary
mechanism in plants, including the Trificeae tribe. There are two primary types of polyploidy: autopolyploidy and
allopolyploidy. Autopolyploidy arises from the duplication of a single species' genome, leading to multiple sets of
homologous chromosomes. This type of polyploidy can result in increased genetic material, which may provide a
fitness advantage under certain environmental conditions (Svacina et al., 2020; Luque et al., 2022). On the other
hand, allopolyploidy results from hybridization between two distinct species followed by chromosome doubling.
This process combines divergent genomes, which can lead to novel genetic combinations and potentially new
species (Huang and Zhu, 2018; Svacina et al., 2020).

The formation of autopolyploids and allopolyploids involves different genetic and cytological mechanisms.
Autopolyploids often face challenges such as multivalent formation during meiosis, which can lead to aneuploid
gametes and reduced fertility (Svacdina et al., 2020). In contrast, allopolyploids must establish compatibility
between the divergent genomes and their regulatory networks, which can result in rapid genomic and phenotypic
changes (Chen, 2007; Blasio et al., 2022). Despite these challenges, both types of polyploidy have been crucial in
the evolution and diversification of the Triticeae tribe, contributing to their adaptability and speciation.

2.2 Molecular mechanisms of genome duplication

The molecular mechanisms underlying genome duplication in polyploids involve a complex interplay of genetic
and epigenetic factors. In autopolyploids, genome duplication typically occurs through errors in meiosis or mitosis,
leading to the formation of unreduced gametes. These errors can be due to altered spindle organization, disturbed
kinetochore function, or abnormal cytokinesis (Blasio et al., 2022). In allopolyploids, hybridization between
different species is followed by chromosome doubling, which can be facilitated by similar meiotic errors or by
somatic cell fusion (Mason and Wendel, 2020; Blasio et al., 2022).

Once genome duplication occurs, polyploids undergo significant genomic and transcriptomic changes. These
changes include alterations in DNA sequence, chromatin modifications, and RNA-mediated pathways, which can
affect gene expression and phenotypic variation (Chen, 2007). Homoeologous recombination, where related
chromosomes from different subgenomes pair and exchange genetic material, is a common feature in newly
formed allopolyploids. This process can lead to genomic instability but also provides opportunities for
evolutionary novelty and adaptation (Mason and Wendel, 2020). The stabilization of polyploid genomes involves
the suppression of homoeologous recombination and the establishment of new regulatory networks, which are
critical for the successful establishment and persistence of polyploid species (Mason and Wendel, 2020; Blasio et
al., 2022).

2.3 Timeline of polyploidy events in Triticeae evolution

The evolutionary history of the Triticeae tribe is marked by multiple polyploidy events, which have played a

crucial role in their diversification and adaptation. Polyploidy events in Triticeae can be traced back to ancient

whole-genome duplications, which have been followed by more recent polyploidization events. These events have

contributed to the complex genomic architecture observed in modern Triticeae species (Figure 1) (Huang and Zhu,

2018; Peer et al., 2020). For instance, wheat (Triticum spp.) is a well-known allopolyploid that has undergone
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several rounds of hybridization and genome duplication, resulting in its current hexaploid form (Svacina et al.,
2020; Blasio et al., 2022).
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Figure 1 Whole Genome Duplication (WGD) Events and Their Non-Random Association with Environmental Stresses in Triticeae
Evolution (Adapted from Peer et al., 2020)

Image caption: The figure illustrates WGD events and their association with environmental stresses. Red crosses indicate extinction
events, orange circles represent successful polyploidization events aligned with environmental stresses, light orange triangles signify
delayed polyploidization followed by successful polyploidization, and dark blue diamonds indicate diploids that survived under
environmental pressures. Gray squares mark WGD events that coincide with periods of global changes or extinction events. Branch
color changes signify genome differentiation and rediploidization processes following chromosome doubling (Adapted from Peer et
al., 2020)

The timeline of polyploidy events in Triticeae evolution reveals a pattern of recurrent polyploidization, often
associated with periods of environmental change or stress. These events have provided the genetic material
necessary for adaptation to new environments and the development of new traits (Peer et al., 2020; Tossi et al.,
2022). The repeated occurrence of polyploidy in Triticeae suggests that it is a key driver of their evolutionary
success, enabling them to exploit diverse ecological niches and respond to changing environmental conditions
(Huang and Zhu, 2018; Peer et al., 2020). Understanding the timeline and mechanisms of polyploidy in Triticeae
can provide insights into the evolutionary processes that have shaped this important group of plants.

3 Genomic Changes Associated with Polyploidy in Triticeae

3.1 Chromosomal rearrangements and genomic shock post-polyploidization

Chromosomal rearrangements are a common consequence of polyploidization in Triticeae, driven by both internal
factors such as nucleocytoplasmic interactions and external environmental influences. These rearrangements play
a crucial role in the initial formation, stabilization, and establishment of polyploids (Zhu et al., 2024). For instance,
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hybrid breeding between common wheat and related wild species has led to significant chromosomal changes,
such as the well-known 1BL/IRS translocation between wheat and rye, which has been widely utilized in wheat
breeding programs (Wang et al., 2014). Additionally, studies on synthetic Arabidopsis allopolyploids have shown
that genomic remodeling, including the activation of transposons and chromosomal fragment formation, can occur
post-polyploidization, contributing to phenotypic instability and reduced fertility (Madlung et al., 2004).

Environmental factors also significantly influence chromosomal rearrangements in polyploid Triticeae species.
Research on Kengyilia thoroldiana has demonstrated that populations from different environments exhibit varying
frequencies of chromosome translocations, with higher rates observed in cold alpine and grassland environments
compared to valley and lake-basin habitats (Wang et al., 2012). This suggests that environmental stress can
exacerbate genomic shock, leading to increased chromosomal rearrangements and potentially driving the
evolution of new ecotypes.

3.2 Gene duplication and its contribution to functional diversity in Triticeae

Gene duplication is a fundamental outcome of polyploidization, providing raw material for evolutionary
innovation and functional diversification. In Triticeae, gene duplication resulting from polyploidization can lead
to the development of novel gene functions and increased genetic diversity. For example, the process of
homoeologous recombination in allopolyploids can generate new gene combinations and phenotypes, although it
may also destabilize the karyotype and reduce fertility (Gaeta and Pires, 2010). This recombination-driven genetic
variation is crucial for the adaptation and evolution of polyploid species.

Moreover, polyploidization-induced gene duplication can result in subfunctionalization, where duplicated genes
diverge and specialize in different functions. This phenomenon has been observed in various plant polyploids,
including  Triticeae, where dynamic changes in gene expression and genomic organization
occur post-polyploidization (Chen, 2007). These changes can lead to the emergence of new traits and improved
adaptability, contributing to the success of polyploid species in diverse environments.

3.3 Epigenetic modifications and polyploid stability in 7riticeae genomes

Epigenetic modifications play a vital role in maintaining genome stability and regulating gene expression in
polyploid Triticeae. Polyploidization often triggers epigenetic changes, such as DNA methylation and histone
modifications, which can influence gene expression and phenotypic variation. For instance, studies on synthetic
plant allopolyploids have documented extensive changes in cytosine methylation and chromatin modifications,
which are associated with gene repression, novel activation, and transposon activity (Chen and Ni, 2006). These
epigenetic alterations help establish a compatible relationship between the divergent genomes in allopolyploids,
facilitating their stabilization and evolution.

Furthermore, epigenetic mechanisms are crucial for the long-term stability of polyploid genomes. Research on
natural allotetraploid Brachypodium hybridum has shown that while immediate genomic shock may not always
occur, gradual epigenetic changes over evolutionary time contribute to genome diploidization and stability
(Scarlett et al., 2022). These findings highlight the importance of epigenetic modifications in the adaptive
evolution and domestication of polyploid Triticeae species, enabling them to thrive in various environmental
conditions (Chen, 2007).

4 Polyploidy and Agronomic Trait Improvement in Triticeae

4.1 Polyploidy-driven enhancement of yield, drought tolerance, and disease resistance in Triticeae
Polyploidy has been shown to significantly enhance various agronomic traits in 7riticeae, including yield, drought
tolerance, and disease resistance. The induction of polyploidy can lead to increased biomass yield and improved
stress tolerance. For instance, polyploid plants often exhibit enhanced tolerance to abiotic and biotic stresses,
which can positively impact plant growth and net production (Tossi et al., 2022). Additionally, polyploidy can
result in larger plant organs and increased cell size, which may contribute to higher yield potential (Corneillie et
al., 2018). The genetic and physiological changes induced by polyploidy, such as increased gene expression and
genome reorganization, are crucial for these improvements (Renny-Byfield and Wendel, 2014).
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4.2 Genetic and phenotypic consequences of polyploidy on plant height, flowering time, and grain quality
Polyploidy can lead to significant genetic and phenotypic changes in Triticeae, affecting traits such as plant height,
flowering time, and grain quality. Polyploid plants often exhibit delayed flowering and increased plant height due
to changes in cell size and number (Corneillie et al., 2018). These changes can be attributed to the increased DNA
content and altered gene expression patterns in polyploids (Balao et al., 2011). Moreover, polyploidy can
influence grain quality by modifying the composition of bioactive compounds and altering metabolic pathways
(Tavan et al., 2021). For example, polyploidy has been associated with changes in cell wall composition and sugar
content, which can affect grain quality and processing characteristics (Corneillie et al., 2018).

4.3 Breeding strategies leveraging polyploid traits for crop improvement

Breeding strategies that leverage polyploid traits can significantly enhance crop improvement efforts in Triticeae.
The use of synthetic polyploids and grafted crops can provide specific advantages, such as improved stress
tolerance and yield. Breeding programs can exploit the genetic diversity and novel traits introduced by polyploidy
to develop superior cultivars. For instance, the induction of polyploidy in rootstocks can enhance adaptation to
biotic and abiotic stresses, while maintaining high yield and quality in the scion (Ruiz et al., 2022). Additionally,
modern technologies, such as next-generation sequencing, can facilitate the identification and manipulation of
polyploid traits, enabling more efficient breeding strategies (Renny-Byfield and Wendel, 2014). The integration of
polyploidy into breeding programs holds great potential for the development of resilient and high-yielding
Triticeae crops.

5 Gene Expression Modulation in Polyploid Triticeae

5.1 Subgenome interaction and differential gene expression in polyploid wheat and barley

Polyploidy in Triticeae, particularly in wheat and barley, results in complex interactions between subgenomes that
significantly influence gene expression. In hexaploid wheat, the presence of three subgenomes (A, B, and D) leads
to nonbalanced expression patterns in approximately 30% of homoeologous gene triads, with one homoeolog
often showing higher or lower expression relative to the others. This differential expression is associated with
epigenetic changes such as DNA methylation and histone modifications, and is influenced by the presence of
transposable elements in gene promoters. Additionally, the transcriptional landscape of polyploid wheat reveals
that homoeologous genes exhibit tissue-specific expression patterns, which are crucial for the plant's development
and stress responses (Ramirez-Gonzalez et al., 2018). The interaction between subgenomes also manifests in the
form of gene dosage effects, where the deletion or addition of chromosomes in nullisomic-tetrasomic stocks leads
to genome-wide changes in gene expression, affecting traits such as plant height and kernel number (Zhang et
al., 2019).

5.2 Role of non-homoeologous recombination in modulating agronomically important traits
Non-homoeologous recombination plays a pivotal role in the genetic innovation and adaptation of polyploid
Triticeae. In wheat, illegitimate recombination between homoeologous genes can lead to gene conversion events,
which contribute to genome instability but also drive functional and structural innovation. This process affects a
significant number of genes, including those involved in starch biosynthesis, thereby influencing important
agronomic traits (Figure 2) (Liu et al., 2020). Moreover, the structural organization of chromosomes, including
truncations and rearrangements, can modulate recombination frequencies, particularly in crossover-poor regions,
enhancing the transfer of beneficial traits into crops (Naranjo, 2019). These recombination events are crucial for
the introgression of useful genes and the overall improvement of crop performance.

Liu et al. (2020) revealed the evolutionary branches of homoeologous genes in Triticeae species and the
conservation and diversity of genes across different subgenomes during polyploid evolution. Non-homologous
recombination plays a critical role in regulating key agronomic traits, such as starch biosynthesis, in crops like
wheat. This genetic diversity allows for functional complementation between different subgenomes, giving
polyploid plants an advantage in adaptability and growth performance. This study provides an important
theoretical foundation for understanding the genetic improvement of essential crops like wheat, aiding in the
enhancement of crop yield and quality through molecular breeding methods.
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Figure 2 Phylogenetic Tree of Homoeologous Gene Quadruplicates Involved in Starch Biosynthesis in Triticeae Genomes (Adapted
from Liu et al., 2020)

Image caption: The figure displays a phylogenetic tree of homoeologous genes associated with starch biosynthesis, marked by
different letters representing multiple subgenomes. Bt denotes the B subgenome of tetraploid wild wheat, Dd represents Aegilops
tauschii, Ad stands for Triticum urartu, while Ah, Bh, and Dh represent the A, B, and D subgenomes of hexaploid bread wheat,
respectively. Gene names in bold indicate genes that are regulated or have undergone functional changes in the starch synthesis
process (Adapted from Liu et al., 2020)

5.3 How polyploidy influences regulatory networks, transcription factors, and stress response genes in
Triticeae

Polyploidy significantly impacts the regulatory networks, transcription factors, and stress response genes in
Triticeae. The presence of multiple subgenomes in polyploid wheat leads to complex regulatory interactions that
are essential for the plant's adaptation and stress responses. For instance, the transcriptional landscape of polyploid
wheat during embryogenesis and grain development shows that gene expression is shaped by the contributions of
the A, B, and D subgenomes, with each subgenome playing distinct roles in different developmental stages (Xiang
et al.,, 2019). Additionally, histone modifications, such as H3K4me3 and H3K27me3, are conserved across
subgenomes and are crucial for regulating gene expression during domestication and ploidy transitions (Lv et al.,
2021). These epigenetic modifications help maintain genome stability and ensure proper gene function under
various environmental conditions. Furthermore, the coordination of homoeologous gene expression in response to
stress is facilitated by coexpression networks, which reveal extensive interactions between genes throughout the
plant's development (Liu et al., 2020). This intricate regulatory framework enables polyploid Triticeae to exhibit
enhanced resilience and adaptability, making them valuable for agricultural improvement.

By understanding these genetic mechanisms, researchers and breeders can develop strategies to manipulate gene
expression and improve agronomic traits in polyploid Triticeae, ultimately enhancing crop performance and
resilience.
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6 Applications of Polyploidy in 7riticeae Crop Breeding

6.1 Case studies of successful breeding improvements through polyploidy

Polyploidy has been instrumental in the breeding of various Triticeae crops, leading to significant improvements
in yield, quality, and stress resistance. For instance, synthetic polyploids have been used to enhance specific traits
in crop varieties, such as environmental adaptation and yield, by modifying certain plant phenotypes while
maintaining fundamental characteristics (Ruiz et al., 2020). In wheat, the use of hexaploid varieties has facilitated
the identification of homoeologous relationships between chromosomes, aiding in the transfer of valuable
agronomic traits from related species (Naranjo, 2019). Additionally, polyploidy has been employed to overcome
the non-viability and infertility of interspecific hybrids, resulting in the development of seedless polyploid
cultivars and increased resistance to biotic and abiotic factors (Trojak-Goluch et al., 2021).

6.2 Technical challenges and solutions in incorporating polyploidy into breeding programs

Incorporating polyploidy into breeding programs presents several technical challenges, including the complexities
of genome assembly and the potential for undesired phenotypic effects. The genome-wide analysis of polyploid
crops has historically lagged behind that of diploid crops due to difficulties in genome assembly, which arise from
the combination of evolutionarily diverged genomes into a single nucleus and the significant size of polyploid
genomes (Renny-Byfield and Wendel, 2014). However, advancements in next-generation sequencing and other
molecular tools have begun to address these challenges, enabling better understanding and manipulation of
polyploid genomes (Renny-Byfield and Wendel, 2014; Kyriakidou et al., 2018). Additionally, the use of
antimitotic agents such as colchicine, oryzalin, and trifluralin has been effective in inducing polyploidy, although
the efficiency of genome duplication can vary based on species, cultivar, genotype, and tissue type
(Trojak-Goluch et al., 2021).

6.3 Future potential of polyploid crops in breeding programs

The future potential of polyploid crops in breeding programs is vast, particularly in the context of climate change
and the need for crops that can withstand biotic and abiotic stresses. Polyploidy offers the potential for increased
allelic diversity, heterozygosity, and novel phenotypic variation, which are crucial for crop improvement (Udall
and Wendel, 2006). The generation of synthetic polyploids as a breeding strategy has already led to the
development of new and improved cultivars, and ongoing research aims to further explore the mechanisms
underlying polyploidy-induced novelty (Iannicelli et al., 2020). As our understanding of polyploid genomes
continues to grow, particularly through the use of modern genomic technologies, the ability to harness the benefits
of polyploidy for crop breeding will likely expand, offering new opportunities for the development of resilient and
high-yielding Triticeae crops (Bharadwaj, 2015; Heslop-Harrison et al., 2022).

7 Challenges in Managing Polyploidy in 7riticeae Breeding Programs

7.1 Difficulties in mapping complex traits in polyploid genomes

Mapping complex traits in polyploid genomes presents significant challenges due to the intricate nature of
polyploid inheritance and the presence of multiple homologous chromosomes. Polyploid organisms, such as those
in the Triticeae tribe, often exhibit complex genetic interactions that complicate the identification and mapping of
quantitative trait loci (QTL). The presence of multiple gene copies and structural variations, such as homeologous
exchanges, further complicates genetic mapping efforts (Bourke et al., 2018; Schiessl et al., 2019). Advanced
genomic tools and techniques, including genome-wide association studies (GWAS) and quantitative trait analysis,
are essential to overcome these challenges and facilitate the accurate mapping of complex traits in polyploid
Triticeae species (Bourke et al., 2018).

7.2 Breeding barriers due to complex inheritance patterns in polyploid species

Polyploid species exhibit complex inheritance patterns that pose significant barriers to breeding programs. The
presence of multiple sets of chromosomes can lead to genome instabilities, chromosome imbalances, and
regulatory incompatibilities, which in turn affect reproductive success and fertility (Comai, 2005; Chen, 2007).
Additionally, the intricate interactions between redundant genes and the potential for non-Mendelian inheritance
patterns further complicate breeding efforts (Wendel, 2004). These challenges necessitate the development of
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specialized breeding strategies and the use of advanced genomic tools to manage the complex inheritance patterns
in polyploid Triticeae species (Chen, 2007; Bourke et al., 2018).

7.3 Overcoming linkage drag and sterility issues in polyploid triticeae crops

Linkage drag and sterility are significant issues in polyploid Triticeae crops that hinder breeding progress.
Linkage drag occurs when undesirable traits are co-inherited with beneficial traits due to their close proximity on
the chromosome, making it difficult to separate them through traditional breeding methods (Schiessl et al., 2019).
Sterility issues arise from the complex interactions between divergent genomes in allopolyploids, leading to
reproductive failures and reduced fertility (Chen, 2007; Suissa et al., 2021). Overcoming these challenges requires
innovative breeding techniques, such as the use of genomic selection and the development of synthetic polyploids,
to break linkage drag and enhance fertility in polyploid Triticeae crops (Chen, 2007; Bourke et al., 2018; Schiessl
etal., 2019).

8 Future Research Directions

8.1 Further exploration of the long-term effects of polyploidy on Triticeae gene function

Polyploidy has been a significant evolutionary force in plants, leading to gene function innovation and species
diversification. However, the long-term effects of polyploidy on gene function in 7riticeae remain underexplored.
Future research should focus on understanding how polyploidy-induced gene fractionation and
sub-/neo-functionalization impact the genetic and phenotypic traits of Triticeae over extended periods. This could
involve longitudinal studies on polyploid Triticeae species to monitor changes in gene expression, genome
stability, and trait development under various environmental conditions (Zhang et al., 2019; Heslop-Harrison
et al., 2022).

8.2 Optimization of molecular breeding techniques for polyploid crops

The complexity of polyploid genomes poses challenges for traditional breeding methods. Advances in
next-generation sequencing and genome editing technologies offer new opportunities for optimizing molecular
breeding techniques for polyploid crops. Future research should aim to develop high-throughput genotyping and
phenotyping platforms tailored for polyploid species, as well as refine CRISPR/Cas9 and other genome editing
tools to efficiently target multiple gene copies. This will facilitate the rapid development of polyploid crops with
improved traits such as yield, stress tolerance, and nutritional value (Kyriakidou et al., 2018; Pourkheirandish et
al., 2020; Huang and Li, 2024).

8.3 Role of polyploid crops in addressing global climate change and food security

Polyploid crops have the potential to play a crucial role in mitigating the impacts of climate change and ensuring
food security. Research should focus on identifying and harnessing the genetic diversity within polyploid species
to develop crops that are resilient to biotic and abiotic stresses. This includes exploring the adaptive potential of
polyploid crops through gene flow and introgression from wild relatives, as well as investigating the role of
polyploidy in enhancing stress tolerance and biomass production under changing environmental conditions (Ruiz
et al., 2020; Lovell et al., 2021; Cheng et al., 2022; Tossi et al., 2022).

9 Concluding Remarks

Polyploidy has played a fundamental role in the evolution and agricultural production of the Triticeae tribe, which
includes key cereal crops such as wheat, barley, and rye. The process of polyploidization, involving
whole-genome duplication, has been a significant evolutionary force, driving the diversification and adaptation of
plant species. In Triticeae, polyploidy has facilitated the development of new genetic variants and the
introgression of beneficial traits from wild relatives, enhancing crop resilience and productivity. The ability of
polyploid species to undergo rapid genomic changes and adapt to various environmental conditions underscores
their importance in both natural ecosystems and agricultural settings.

Polyploidy significantly impacts genetic diversity, adaptability, and crop breeding. The duplication of entire
genomes results in genetic redundancy, which can lead to novel gene functions and increased genetic variation.
This genetic diversity is crucial for the adaptability of polyploid species, allowing them to thrive in diverse and
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changing environments. In crop breeding, polyploidy has been exploited to enhance desirable traits such as
disease resistance, yield, and stress tolerance. For instance, hexaploid wheat has benefited from the introgression
of genes from wild relatives, improving its agronomic performance. The ability to manipulate polyploid genomes
through modern breeding techniques and next-generation sequencing has further expanded the potential for crop
improvement.

The future application and research directions of polyploidy in agriculture are promising. Advances in genomic
technologies, such as genome sequencing and editing, provide new opportunities to explore and harness the
benefits of polyploidy for crop improvement. Research should focus on understanding the mechanisms underlying
polyploidy-induced phenotypic changes and their implications for crop performance. Additionally, the
development of synthetic polyploids and their use in grafted crops could offer innovative solutions for enhancing
crop resilience to biotic and abiotic stresses, particularly in the context of climate change. Continued exploration
of the genetic and epigenetic changes associated with polyploidy will be essential for optimizing the use of
polyploid crops in sustainable agriculture.
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