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Abstract 

Crop improvement has historically relied on the continuous enhancement of yield, adaptability, 

and resilience, yet polyploidization, domestication and modern breeding have narrowed the genetic 

diversity of cultivated wheat. Wild relatives, particularly species within the genus Aegilops, 

represent a critical reservoir of untapped genetic variation with the potential to address emerging 

agricultural challenges. Despite their evolutionary and agronomic importance, genomic resources 

for many Aegilops species have remained limited, restricting comprehensive investigations of their 

genome evolution and utilization in wheat improvement. 

In this study, high-quality genome assemblies and gene annotations were generated for 18 

diploid, tetraploid, and hexaploid Aegilops species, which, together with previously published 

genomes, complete a reference set for all 25 species within the genus. Assembly sizes ranged from 

5.24 Gb in diploids to 12.65 Gb in polyploids, with high contiguity enabling detailed analyses of 

complex and repeat-rich genomic regions. Gene annotation provided a comprehensive overview 

of protein-coding gene content across all assembled Aegilops genomes. The annotated gene sets 

offer a consistent resource for comparative genomic analyses and functional exploration across the 

genus. 

Phylogenetic reconstruction based on near single-copy orthologs across Triticum and 

Aegilops genomes provided a well-resolved evolutionary framework and confirmed relationships 

between polyploid genomes and their diploid progenitors. Divergence time estimates further 

contextualized species evolution within the genus. Comparative analyses of structural variation 

revealed extensive genome restructuring following polyploidization, including insertions, 

deletions, duplications, and rearrangements, while maintaining overall syntenic conservation. 
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These patterns highlight the dynamic nature of polyploid genomes and their divergence from 

ancestral states. 

Genome-wide characterization of transposable elements revealed that Aegilops genomes 

are dominated by long terminal repeat (LTR) retrotransposons, with evidence of both conserved 

and subgenome-specific patterns of expansion and contraction. Temporal analyses of LTR 

insertions indicated variation in insertion activity over time, reflecting differences in transposable 

element dynamics among species and subgenomes. 

Together, these results provide a comprehensive and integrative view of genome evolution 

in Aegilops, linking genome structure, transposable element dynamics, and evolutionary history 

across ploidy levels. The genomic resources and insights generated in this study not only advance 

our understanding of polyploid genome evolution but also provide a valuable foundation for 

harnessing Aegilops diversity to improve the resilience, adaptability, and productivity of cultivated 

wheat. 
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 Chapter 1 

General introduction 

1.1 Literature review 

1.1.1 Wheat 

Wheat, a staple crop cultivated on more than 219 million hectares worldwide, provides 

approximately one-fifth of the global population’s total caloric and protein intakes (CGIAR, 2018; 

FAO, 2024). According to the Food and Agriculture Organization (FAO), global wheat production 

reached an average of approximately 798 million tonnes (MT) in 2024 (FAO, 2024). Despite its 

global importance, recent wheat production has struggled to keep pace with increasing demand, 

leading to price instability and food insecurity in many regions. 

By 2050, the global population is projected to reach nearly 9 billion, with wheat demand 

expected to increase by approximately 60% (Godfray et al., 2010; Tadesse et al., 2016). To meet 

this demand, annual wheat yield gains must rise from the current rate of less than 1% to at least 

1.6% per year (Tadesse et al., 2016). Achieving such gains is increasingly challenging due to 

constraints imposed by water scarcity, climate change, and the continual emergence of new 

pathogens and pests, all of which threaten yield stability and productivity (Asseng et al., 2015; 

Chaves et al., 2013; Rasheed et al., 2018). Addressing these challenges requires substantial 

improvements in wheat productivity, resilience to abiotic and biotic stresses, and the adoption of 

improved agronomic practices. Strengthening the genetic and genomic foundations of wheat 

improvement is therefore essential to ensure sustainable wheat production and long-term global 

food security. 

1.1.2 Wheat evolution 

Bread wheat (Triticum aestivum L.) is an allohexaploid species comprising the homoeologous 

subgenomes A, B, and D (2n = 6x = 42). Its evolutionary history within the Triticum–Aegilops 
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complex involved two successive allopolyploidization events (Figure 1.1) (Venske et al., 2019). 

The first allopolyploidization event occurred approximately 500,000 years ago and involved 

hybridization between the diploid species Triticum urartu, which contributed the A subgenome, 

and a species closely related to Aegilops speltoides, which contributed the B subgenome. This 

event gave rise to tetraploid wild emmer wheat (Triticum turgidum subsp. dicoccoides) (Li et al., 

2022; Marcussen et al., 2014). Domestication of wild emmer gave rise to domesticated emmer 

wheat (T. turgidum subsp. dicoccum), from which subsequent selection led to the development of 

durum wheat (T. turgidum subsp. durum) (Charmet, 2011; Kimber, 2001). The second 

allopolyploidization event involved hybridization between an AB allotetraploid wheat lineage and 

Aegilops tauschii (Tausch’s goatgrass), the donor of the D subgenome, resulting in the formation 

of hexaploid bread wheat (Kihara, 1944; McFadden and Sears, 1946; Salamini et al., 2002). 

The diploid progenitors of the A and D subgenomes are widely accepted as being T. urartu 

and Ae. tauschii, respectively. In contrast, the precise origin of the B subgenome progenitor 

remains unresolved, as no extant diploid species exhibits complete chromosomal affinity with the 

B genome of tetraploid or hexaploid wheats. Whole-genome sequencing analyses suggest that Ae. 

speltoides diverged from the B subgenome donor approximately 4.5 million years ago, supporting 

the hypothesis that the B subgenome originated from an extinct or yet-unidentified diploid species 

closely related to Ae. speltoides (Li et al., 2022). 
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Figure 1.1 Evolution of hexaploid wheat.  

Photographs courtesy of Dr. Sylvie Cloutier and Dr. Curtis Pozniak. 

1.1.3 Genetic diversity bottlenecks in wheat 

The wheat genome has undergone a series of genetic diversity bottlenecks during its evolutionary 

history as a result of speciation, domestication, natural selection and, more recently, intensive 

artificial selection (breeding). These bottlenecks have reduced the genetic variation present in 

modern bread wheat and are reflected in the limited diversity observed within contemporary wheat 

germplasm. 
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1.1.3.1 Speciation 

Speciation is the evolutionary process through which new and distinct species arise. It occurs when 

populations become genetically distinct. Such divergence may result from geographic isolation or 

from genomic events such as polyploidization. Three major modes of speciation have been 

described: allopatric, sympatric, and parapatric (Mayr, 1999). Allopatric speciation occurs when 

populations are physically separated and gene exchange is prevented, whereas sympatric 

speciation takes place without spatial isolation. Parapatric speciation involves divergence in 

adjacent populations that maintain limited gene flow during the speciation process (Abbott et al., 

2008). 

Polyploidization has played a particularly important role in plant evolution and speciation 

(Soltis and Soltis, 2009). Polyploid species can arise either through autopolyploidization, 

involving chromosome duplication within a single species, or through allopolyploidization, which 

results from hybridization between divergent species followed by genome doubling. 

Allopolyploidization represents a rapid and profound form of speciation, generating new species 

with combined genomes from distinct progenitors (Levy and Feldman, 2022). Wheat is a prime 

example of allopolyploid evolution (Feldman et al., 2012). 

During the formation of polyploid wheat, only a limited number of individuals participated 

in the original hybridization events, leading to a pronounced genetic bottleneck known as the 

founder effect (Dubcovsky and Dvorak, 2007). Also, few Aegilops tauschii individuals contributed 

to the formation of hexaploid bread wheat, leading to reduced representation of Ae. tauschii genetic 

diversity in the wheat D subgenome (Akhunov et al., 2010; Dvorak et al., 1998). Similarly, the A 

and B subgenomes of bread wheat capture only approximately 31% of the genetic diversity found 

in the wild emmer wheat gene pool (Haudry et al., 2007). Together, these speciation-related 
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bottlenecks have reduced genetic diversity in modern wheat, underscoring the need to explore wild 

relatives for the potential to broaden genetic diversity in wheat. 

1.1.3.2 Domestication 

Domestication is the process by which plants are selected by humans for traits that are 

advantageous for agriculture. Most major crop species were domesticated between 4,000 and 

10,000 years ago from wild progenitor populations (Doebley et al., 2006). Domestication typically 

results in a reduction of genetic diversity, as cultivated plants retain only a subset of the variation 

present in their wild ancestors (Tanksley and McCouch, 1997). 

Wheat was among the earliest domesticated crops, with domestication occurring 

approximately 10,000 years ago (Charmet, 2011; Levy and Feldman, 2022). Key domestication 

traits in wheat include the non-brittle rachis, which prevents seed shattering, and non-hulled 

glumes, which confer free-threshing ability. During early wheat cultivation, farmers repeatedly 

selected and propagated plants expressing these favorable traits, leading to their fixation in 

domesticated populations (Harlan et al., 1973; Levy and Feldman, 2022). However, this selective 

process also imposed a genetic bottleneck. Domestication involved a limited number of founding 

genotypes, resulting in reduced genetic variability in domesticated tetraploid and hexaploid wheats 

compared with their wild diploid and tetraploid progenitors (Charmet, 2011). This domestication-

driven bottleneck, together with earlier speciation events, has contributed to the narrow genetic 

base of modern wheat. 

1.1.3.3 Artificial selection/breeding 

The development and application of modern wheat breeding over the past century have led to the 

release of high-yielding cultivars that underpin contemporary agricultural production. However, it 

has been argued that intensive breeding practices have also further narrowed the genetic base 
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available for crop improvement (Reif et al., 2005). Continuous selection for a limited set of 

agronomically favorable traits has reduced genetic diversity in wheat beyond the bottlenecks 

imposed by speciation and domestication, thereby constraining the pool of variation available for 

future breeding efforts (Tanksley and McCouch, 1997). 

In bread wheat, breeding-associated bottlenecks are estimated to have reduced effective population 

size by approximately 6% (Cavanagh et al., 2013). Moreover, many breeding programs have relied 

heavily on a small number of elite genotypes, resulting in the loss or underutilization of genetic 

variation that may be critical for adaptation to emerging challenges such as climate change and its 

associated impacts on biotic and abiotic stresses (Lopes et al., 2015). Together, these effects 

highlight how modern breeding practices, while successful in increasing yield, have further 

constrained wheat genetic diversity and reinforce the need to broaden the germplasm base using 

wild and underexploited genetic resources. 

1.1.4 Genetic diversity in wild relatives of wheat 

Wild relatives of wheat represent a critical reservoir of genetic diversity that can be harnessed to 

improve crop resilience, productivity, and adaptation. Among these wild relatives, species of the 

genus Aegilops (goatgrasses) are the closest relatives of cultivated wheat and constitute a prime 

source of diversity. The genus Aegilops comprises 25 species, including 11 diploid and 14 

polyploid taxa. These species are classified into five sections based on genome composition: 

Aegilops (U genome and its combinations), Cylindropyron (C and DC genomes), Vertebrata (D 

genome and its combinations), Comopyrum (M or N genomes), and Sitopsis (S genome) (Van 

Slageren, 1994) . In addition, Aegilops mutica (T genome) is a diploid species that does not fall 

within these five sections and is placed in the separate Amblyopyrum subgenus (Figure 1.2) (Van 

Slageren, 1994). The arrows in Figure 1.2 point to the evolutionary relationships between species 
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within the genus. Despite sharing genomes, these 25 species are highly diverse as can be seen by 

the extent of the morphological variation at spike levels (Figure 1.3). 

 

Figure 1.2 Aegilops species classification, their nuclear genomes and relationships across ploidy 

level.  

Solid lines represent progenitor relationships involved in the formation of tetraploid genomes and 

the tetraploid ancestors that contributed to hexaploid genome formation. Dashed lines represent 

diploid progenitor species that contributed genomes during the polyploidization events leading to 

hexaploid genomes. Figure adapted from Przewieslik-Allen et al. (2019), with modifications. 
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Figure 1.3 Morphological diversity of Aegilops species. 

Spike (head) morphology illustrating differences in spike length, spikelet compactness, and awn 

characteristics. These features reflect the broad phenotypic diversity present within the genus. 

Numerous Aegilops species have been exploited as sources of resistance to major biotic 

stresses in wheat. For example, Ae. umbellulata, Ae. speltoides, Ae. kotschyi, Ae. neglecta, Ae. 

geniculata and Ae. peregrina have contributed resistance to fungal diseases including leaf, stem, 

and stripe rusts and powdery mildew, highlighting the importance of Aegilops as a reservoir of 

disease resistance genes (Bansal et al., 2017; Liu et al., 2011; Marais et al., 2009; Marais et al., 

2008; Marais et al., 2005; Petersen et al., 2015). In addition to biotic stress resistance, Aegilops 

species also harbor substantial variation for tolerance to abiotic stresses. Several species, including 

Ae. speltoides, Ae. tauschii, and Ae. geniculata have been associated with enhanced tolerance to 

drought (Baalbaki et al., 2006; Zaharieva et al., 2001), while tolerance to salinity has been reported 

in species such as Ae. tauschii and Ae. neglecta (Ahmadi et al., 2020). Variation for heat tolerance 

affecting grain yield has been observed among Aegilops species, with Ae. geniculata and Ae. 
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speltoides showing greater tolerance to elevated temperatures (Pradhan et al., 2012), whereas cold 

tolerance has been documented in species such as Ae. tauschii (Masoomi-Aladizgeh et al., 2015). 

Together, these examples illustrate the diversity of adaptive traits present in Aegilops species, 

underscoring their value for improving wheat resilience under diverse environmental conditions. 

1.1.5 The concept of gene pools 

A gene pool refers to the total genetic diversity present within a species or group of related species 

and plays a key role in their ability to adapt to environmental changes and disease pressures (Singh 

et al., 2021). In wheat, the concept of gene pools is commonly used to describe the evolutionary 

and breeding relationships among species within the Triticeae tribe which comprises 

approximately 20-27 genera, including Triticum, Aegilops, Hordeum (includes barley), and Secale 

(includes rye), which together represent important sources of genetic variation for wheat 

improvement (Kellogg, 2015; Soreng et al., 2015). 

Based on genome composition and crossability with cultivated wheat, relatives are 

classified into primary, secondary, and tertiary gene pools. The primary gene pool includes species 

containing the A, B, or D genomes and combinations thereof, encompassing cultivated hexaploid 

and tetraploid wheats as well as their diploid genome donors (Chaudhary et al., 2013). The 

secondary gene pool consists of species that carry at least one A, B, or D genome together with 

additional closely related genomes. This group includes species of the Sitopsis section: Ae. 

bicornis (Sb), Ae. sharonensis (Ssh), Ae. longissima (Sl), Ae. searsii (Ss), and Ae. speltoides (S) 

(Chaudhary et al., 2013; Harlan, 1992). The tertiary gene pool comprises more distantly related 

Triticeae species that lack the A, B, or D genomes (Chaudhary et al., 2013). Aegilops species are 

represented across all three wheat gene pools (Figure 1.4) and exhibit extensive genomic diversity 

(Figures 1.2 and 1.3). This diversity makes Aegilops a particularly valuable genetic reservoir for 
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wheat improvement, and considerable efforts have been made to assess and exploit their breeding 

potential to enhance wheat productivity and resilience (Kilian et al., 2011). 

 

Figure 1.4 The gene pools of wheat. 

1.1.6 Challenges in utilizing wild genetic diversity for wheat improvement 

The successful use of genetic diversity from wheat wild relatives requires not only the 

identification of beneficial genes but also their effective transfer into cultivated wheat. 

Conventional wheat breeding primarily relies on wheat x wheat crosses; however, interspecific 

hybridization with species from the primary, secondary, and tertiary gene pools offers 

opportunities to introduce novel or previously lost genetic variation. Despite its potential, gene 

transfer from wild relatives such as Aegilops remains challenging due to multiple biological 

barriers, including asynchronous flowering, poor pollen viability, sexual incompatibility, hybrid 

sterility, the frequent need for embryo rescue, and the persistence of linkage drag (Dempewolf et 

al., 2012). 
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Recent advances in genomics and molecular technologies are helping to overcome these 

limitations by enabling more precise characterization of genetic diversity across large germplasm 

collections and facilitating the identification of candidate genes and genomic regions associated 

with desirable traits. These developments have the potential to accelerate the discovery and 

deployment of beneficial alleles from Aegilops and other wild relatives, thereby enhancing the 

efficiency of wheat improvement programs (Langridge and Waugh, 2019; Milner et al., 2019; 

Müller et al., 2018). 

1.1.7 Structural Variation (SV): types and evolutionary significance 

Genetic variation in genomes occurs at multiple scales, ranging from single nucleotide 

substitutions to large chromosomal rearrangements and whole genome duplications (Vihinen, 

2018). While single nucleotide polymorphisms (SNPs) have been extensively characterized due to 

their ease of detection using short-read sequencing technologies, they do not capture the full 

spectrum of genomic variation underlying phenotypic diversity (Butler, 2012). In contrast, 

structural variations (SVs) represent a major but historically underexplored source of genetic 

diversity (Springer et al., 2009). 

SVs are changes that affect long DNA sequences (> 50 base pairs), including deletions, 

insertions, duplications, inversions and translocations (Gorkovskiy and Verstrepen, 2021). 

Insertions, duplications, and deletions can generate copy number variations (CNVs) and presence-

absence variations (PAVs), which alter gene content. SVs may affect both coding and non-coding 

regions of the genome, and can lead to phenotypic changes by modifying gene structure, gene copy 

number, and in some cases by generating novel genes (Gamazon and Stranger, 2015; Huang et al., 

2018; Lavington and Kern, 2017; Radke and Lee, 2015; Stewart and Rogers, 2019). In plants, SVs 

play important roles in genome evolution, adaptation, and agronomically relevant traits, including 
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responses to biotic and abiotic stresses (Lye and Purugganan, 2019). In wheat, CNVs affecting key 

developmental genes such as Ppd-B1, Vrn-A1, and Rht-D1 influence photoperiod response, 

vernalization requirement, and plant height, respectively, highlighting the functional importance 

of structural variation in agronomically relevant traits (Díaz et al., 2012; Li et al., 2012; Würschum 

et al., 2015). Similarly, deletions of large gene clusters at the FR-2 locus, including CBF-B12, 

CBF-B14, and CBF-B15, have been shown to reduce cold tolerance in durum and bread wheats, 

providing further evidence for the role of SVs in abiotic stress adaptation (Díaz et al., 2012; Knox 

et al., 2010; Pearce et al., 2013). 

In the Triticeae, large, repeat-rich genomes, together with a history of polyploidization, 

contribute to the high prevalence and evolutionary importance of structural variations. Studying 

SVs in Aegilops species can therefore improve our understanding of genome divergence and 

speciation and reveal genetic variation with potential value for wheat improvement. 

1.1.8 Transposable elements (TEs) as drivers of plant genome evolution 

Transposable elements (TEs) are ubiquitous components of eukaryotic genomes and represent 

major drivers of genome evolution (Feschotte et al., 2002). TEs are DNA sequences capable of 

moving or duplicating within the genome and are broadly classified into two main classes based 

on their transposition mechanisms. Class I retrotransposons transpose via a ‘copy-and-paste’ 

mechanism involving an RNA intermediate, whereas Class II DNA transposons move through a 

‘cut-and-paste’ mechanism (Figure 1.5) (Wicker et al., 2007). 
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Figure 1.5 Classification of transposable elements in plant genomes.  

Abbreviations: SINEs, short interspersed nuclear elements; LINEs, long interspersed nuclear 

elements; TIR, terminal inverted repeat; MITEs, miniature inverted-repeat transposable elements. 

In plant genomes, TEs constitute a substantial proportion of the total genome content, 

ranging from approximately 14% to 84%, with Class I retrotransposons accounting for more than 

80% of TEs in many species, especially in monocots (Ragupathy et al., 2013). Among Class I 

elements, long terminal repeat (LTR) retrotransposons are abundant and widespread in plant 

genomes and account for up to 70% of all retrotransposons in previously characterized Aegilops 

and Triticum species (Table 1.1) (You et al., 2015). 

Table 1.1 Transposable element composition in Aegilops and Triticum genomes 

Species Genome Genome 

size (Gb) 

TE (%) Class I 

LTR (%) 

References 

Ae. tauschii D >4.2  86.88 64.39 Wang et al. (2021) 

Ae. bicornis Sb 5.73 85.99 66.29 Li et al. (2022) 

Ae. longissima Sl 6.22 88.08 70.37 Li et al. (2022) 

Ae. searsii Ss 5.55 86.86 65.40 Li et al. (2022) 

Ae. sharonensis Ssh 6.07 88.11 70.30 Li et al. (2022) 

Ae. speltoides S 4.60 86.13 69.96 Li et al. (2022) 

Ae. ventricosa DN 8.67 83.52 67.21 Liu et al. (2025) 

T. urartu A 4.94 81.42 68.61 Ling et al. (2018) 

T. turgidum AB 10.45 82.20 70.00 Maccaferri et al. (2019); Avni et al. (2017) 

T. aestivum ABD 14.57 85.00 65.86 IWGSC (2021) 
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LTR retrotransposons are characterized by the presence of two long terminal repeat 

sequences flanking an internal coding region (Figure 1.6) (Makałowski et al., 2019). A key feature 

of LTR retrotransposons is that the sequence of the two LTRs are identical at the time of insertion 

but gradually accumulate mutations over time. This property has been widely exploited to estimate 

the insertion time of individual LTR retrotransposons using a molecular clock approach based on 

nucleotide divergence between LTR pairs (Dangel et al., 1995; SanMiguel et al., 1998; SanMiguel 

et al., 1996). Assuming a known substitution rate, the divergence between LTR pairs provides an 

estimate of the time of insertion of retrotransposons and allows reconstruction of past 

transpositional activity (Kijima and Innan, 2010; Ma et al., 2004). 

Analysis of LTR retrotransposons and their insertion dynamics has provided valuable 

insights into genome evolution, particularly in large and polyploid plant genomes. In Aegilops, 

examining the abundance, classification, and time of insertion of LTR retrotransposons provide an 

effective framework for understanding genome expansion, lineage-specific repeat activity, and the 

evolutionary processes shaping these diploid and polyploid genomes. 

 

Figure 1.6 Structure of long terminal repeat (LTR) retrotransposon.  

Abbreviations: gag, group-specific antigen; pol, polyprotein; PR, protease; RT, reverse 

transcriptase; RH, ribonuclease H; INT, integrase; env, envelope; TSD, target site duplication. 
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1.1.9 Challenges in Triticum and Aegilops genomics 

Advances in genomics have accelerated genetic research and crop improvement across many plant 

species; however, progress in wheat has historically lagged behind other major crops. This 

disparity is primarily due to the size and complexity of the wheat genome (IWGSC, 2018). Bread 

wheat has an estimated genome size of ~16–17 gigabases (Gb) and is an allohexaploid composed 

of three subgenomes, each contributing approximately 5.5 Gb. In addition, more than 80% of the 

genome consists of repetitive sequences, predominantly transposable elements (Marcussen et al., 

2014). These features have long posed major challenges for genome sequencing, assembly, and 

downstream analyses. 

Comparable challenges extend to wheat’s wild relatives, including species of the genus 

Aegilops. Although most sequenced Aegilops genomes are diploid—with the exception of the 

tetraploid Aegilops ventricosa—they remain large (approximately 4.5–12 Gb) and are similarly 

enriched in repetitive DNA (Avni et al., 2022; Li et al., 2022; Liu et al., 2025; Luo et al., 2017; 

Wang et al., 2021). These features have historically limited the resolution and accuracy of genome-

wide analyses, particularly for detecting structural variations (SVs), which play critical roles in 

genome evolution, adaptation, and phenotypic diversity (Huddleston and Eichler, 2016; 

Wellenreuther et al., 2019; Wolf and Ellegren, 2017). 

Structural variations are inherently difficult to identify using short-read sequencing 

technologies because short reads do not span large insertions, deletions, inversions, and other 

complex rearrangements, especially within repeat-rich regions, and their assemblies often fail in 

resolving them (Chaisson et al., 2015; Sedlazeck et al., 2018). As a result, reliable detection of 

SVs requires highly contiguous and accurate genome assemblies that preserve long-range genomic 

structure (Peona et al., 2021; Peona et al., 2018; Weckselblatt and Rudd, 2015). Until recently, the 
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limited availability of such high-quality reference assemblies has constrained comprehensive 

investigations of SVs and transposable elements in both Triticum and Aegilops genomes. 

Recent advances in long-read sequencing technologies, particularly Pacific Biosciences 

(PacBio) and Oxford Nanopore Technologies (ONT), combined with chromosome-scale 

scaffolding approaches such as Hi-C and related methods, can overcome these limitations. These 

technologies enable the generation of highly contiguous, pseudomolecule-scale genome 

assemblies, even for large and repeat-rich plant genomes. Consequently, they provide 

unprecedented opportunities to characterize structural variations, transposable element dynamics, 

and genome organizations on a genome-wide scale, thereby deepening our understanding of 

genome evolution and diversification in wheat and its wild relatives. 

1.2  urpose of the study 

Several diploid Aegilops genome assemblies have recently been produced, providing valuable 

insights into genome structure and diversity (Abrouk et al., 2023; Avni et al., 2022; Grewal et al., 

2025; Li et al., 2024; Li et al., 2022; Luo et al., 2017; Wang et al., 2021). However, comparable 

genomic resources for polyploid Aegilops species is unavailable, except for Aegilops ventricosa 

(Liu et al., 2025). Genome assemblies for all other tetraploid and hexaploid Aegilops species 

remain unavailable, which limits our understanding of genome evolution following 

polyploidization and constrains the effective utilization of wild genetic diversity for wheat 

improvement. This study aims to address this gap by first generating high-quality genome 

assemblies for 18 Aegilops species, including four diploid species and all fourteen tetraploid and 

hexaploid species within the genus, thereby completing the sequencing of all 25 species of the 

Aegilops genus. 
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Using these genomic resources, genome evolution in Aegilops is then examined through 

comparative analyses of structural variations, transposable element dynamics, and polyploid 

divergence. Collectively, this work provides a comprehensive genomic framework for 

understanding Aegilops genome diversity and supports the informed utilization of genetic variation 

from wild relatives in wheat improvement. 

1.3 Objectives 

The specific objectives of this study include: 

1. Generate high-quality genome assemblies for diploid and polyploid Aegilops species. 

2. Perform genome annotation across all Aegilops assemblies to enable comparative analyses. 

3. Infer phylogenetic relationships and estimate divergence times among Aegilops species. 

4. Identify and characterize structural variations among Aegilops species, with emphasis on 

comparisons between polyploid genomes and their diploid progenitors. 

5. Analyze the composition, abundance, and evolutionary dynamics of transposable elements 

across Aegilops genomes and assess patterns of conservation across ploidy levels and 

among species. 

1.4 Hypotheses 

1. Structural variation contributes to genome diversification and evolutionary divergence in 

Aegilops species. 

2. Aegilops subgenomes follow different evolutionary trajectories after polyploidization, leading 

to variation in genome size, gene content, and genome structure. 



18 

 Chapter 2 

Evolutionary dynamics of Aegilops revealed through comparative genome 

assembly of all 25 species 

Hamna Shazadee1,2, Tara Edwards2, Madeleine Lévesque-Lemay2, Chunfang Zheng2, Jennifer 

Ens3, Curtis J. Pozniak3, Frank M. You2,*, Sylvie Cloutier1,2,* 

1Department of Biology, University of Ottawa, Ottawa, ON, K1N 6N5, Canada  

2Ottawa Research and Development Centre, Agriculture and Agri-Food Canada, Ottawa, ON, K1A 

0C6, Canada 

3Crop Development Centre, University of Saskatchewan, Saskatoon, SK, S7N 5A8, Canada  

*Correspondence: Sylvie Cloutier and Frank M. You

This chapter has been accepted with revisions for publication in Nature Communications on 4 

August 2026. 

Author contributions 

H.S. performed data analyses and interpretation, generated figures, and drafted the manuscript. 

T.E., M.L.L., and J.E. performed extraction, library construction, and data management. C.Z.

performed data management. F.M.Y., C.J.P., and S.C. performed project management, study 

design, data generation, and manuscript editing. All co-authors read and approved the final 

manuscript. 



19 
 

2.1 Abstract 

Aegilops species are the closest wild relatives of wheat and an important reservoir of genetic 

diversity for its improvement. Despite their potential, many Aegilops genomes remain poorly 

characterized. Here we present high-quality assemblies of 18 diploid, tetraploid, and hexaploid 

Aegilops genomes, which, along with the previously published genomes, complete the production 

of reference assemblies for all 25 genomes in this genus. Assembly sizes ranged from 5.24 Gb in 

diploids to 12.65 Gb in hexaploids, with scaffold N50 values up to 749.2 Mb. Gene annotation 

identified 53,035-156,779 protein-coding genes, of which 21,865-60,490 were classified as high-

confidence. Orthogroup-based pangenome analysis across the 25 Aegilops genomes identified 

80,521 orthogroups, including 15,809 core, 61,735 dispensable, and 2,977 species-specific 

orthogroups, highlighting substantial gene content variation among genomes. Phylogenetic 

analysis of 63 Triticum and Aegilops genomes/subgenomes based on near single-copy orthologs 

defines the phylogenetic relationships within the Triticum/Aegilops complex and supported the 

proposed diploid progenitor relationships of polyploid lineages. Ae. mutica (T) and Ae. speltoides 

(S) belong to the B lineage while the remaining Sitopsis grouped within the D lineage. Structural 

variation analyses using diploid progenitors as references revealed extensive large-scale 

rearrangements following polyploidization, emphasizing the dynamics of their evolution. 

Transposable element (TE) annotation further highlighted subgenome-specific TE expansions and 

contractions, providing insights into the mechanisms shaping genome structure after 

polyploidization. Collectively, these genomic resources provide a comprehensive framework for 

exploring Aegilops diversity, understanding polyploid evolution, and accelerating wheat 

improvement. 

Key words: Aegilops, genome assembly, polyploid, structural variation, transposable elements 
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2.2 Introduction 

Bread wheat (Triticum aestivum L.) is a major staple crop, providing approximately 20% of global 

calories and proteins of the Human population (Gustafsson et al., 2009). As the human population 

continues to grow, wheat production must increase by more than 50% over current levels by 2050 

to meet future food demands (Tadesse et al., 2019). However, increasing productivity while 

maintaining food safety poses a significant challenge to scientists as agriculture simultaneously 

faces climate change, evolving pathogens, and environmental stressors. Wheat’s genetic diversity 

has been reduced by successive bottlenecks during its evolution, especially through 

polyploidization, domestication, and intensive modern breeding. Overcoming these limitations 

may be key to addressing major challenges in wheat production (Cavanagh et al., 2013; Charmet, 

2011; Dubcovsky and Dvorak, 2007) 

Wild relatives, particularly Aegilops species, offer a rich source of genetic variation 

(Dempewolf et al., 2017; Schneider et al., 2008). The genus includes 25 species across eleven 

genome types (D, S, Sb, Sl, Ssh, Ss, U, C, N, M and T), with polyploids arising via interspecific 

hybridization and chromosome doubling (Kilian et al., 2011; Van Slageren, 1994). Following 

polyploidization, genomes undergo structural changes, gene expansion or loss, and subgenome 

divergence, producing genomic structures distinct from diploid progenitors despite sharing 

genome labels (Kilian et al., 2011; Van Slageren, 1994). While phylogenetic relationships have 

been studied using morphological and molecular data (Dvorak et al., 1998; Dvorak et al., 1993; 

Petersen et al., 2006; Van Slageren, 1994), genome-scale analyses of structural variation and 

polyploid evolution remain limited. Aegilops species have played a pivotal role in wheat evolution, 

with Ae. tauschii donating the D subgenome (Kihara, 1944; McFadden and Sears, 1946; Salamini 

et al., 2002), and a species related to Ae. speltoides contributing the B subgenome (Li et al., 2022; 
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Marcussen et al., 2014). They also provide valuable alleles for disease resistance and stress 

tolerance (Colmer et al., 2006; Helguera et al., 2003; Nevo and Chen, 2010; Olivera et al., 2018; 

Weidner et al., 2012), though their use in breeding is limited by crossing barriers and linkage drag. 

Transposable elements (TEs), especially long-terminal repeat (LTR) retrotransposons 

(Copia and Gypsy), dominate large grass genomes and contribute to genome size variation, 

structural remodeling, and gene regulation (Bennetzen and Wang, 2014; Feschotte et al., 2002; 

Wicker et al., 2018; Wicker et al., 2007). TE dynamics often shift following polyploidization due 

to genomic shock, relaxed selection, or epigenetic reprogramming (Bennetzen and Wang, 2014; 

de Tomás and Vicient, 2024; Vicient and Casacuberta, 2017). Despite their importance, the role 

of TEs in subgenome divergence across Aegilops has not been studied because genome assemblies 

were not available for all species. 

The genome assembly of several diploid (7 chromosomes) species have been sequenced, 

including Ae. tauschii (D), Ae. speltoides (S), Ae. longissima (Sl), Ae. bicornis (Sb), Ae. searsii 

(Ss), Ae. sharonensis (Ssh), Ae. umbellulata (U), Ae. comosa (M), and Ae. mutica (T) (Abrouk et 

al., 2023; Avni et al., 2022; Grewal et al., 2025; Li et al., 2024; Li et al., 2022; Luo et al., 2017; 

Wang et al., 2021). Our lab has recently completed the assemblies of the remaining diploid species, 

including Ae. uniaristata (N) and Ae. markgrafii (C) (Khadka et al. 2026, unpublished). However, 

the only genome assembly of polyploid (14 and 21 chromosomes) species published to date is that 

of Ae. ventricosa (DN) (Liu et al., 2025), leaving a knowledge gap in polyploid Aegilops structural 

genomics. 

To address this gap, we generated high-quality assemblies for 18 Aegilops species (4 

diploid, 10 tetraploid and 4 hexaploid) using Oxford Nanopore, PacBio, Illumina, Hi-C, and Omni-

C technologies. Consistent machine learning–based gene annotation, phylogenomic analyses, 
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structural variation, and LTR characterization enabled a comprehensive view of subgenome 

evolution, TE dynamics, and divergence from diploid progenitors. Collectively, this genomic 

resource provides a foundation for understanding Aegilops genome evolution and exploiting wild 

diversity for wheat improvement. 

2.3 Results 

2.3.1 Genome assembly 

Aegilops species exhibit substantial morphological diversity at the whole-plant level, reflecting 

their wide evolutionary range across diploid, tetraploid, and hexaploid lineages (Figure 2.1A). To 

investigate the genomic basis underlying this diversity, we generated high-quality genome 

assemblies for 18 Aegilops species, representing four of the 11 diploid, all ten tetraploid, and all 

four hexaploid species, using a single representative accession for each species (Appendix 1). 

Assemblies were produced using Oxford Nanopore Technologies (ONT, Oxford, UK) long reads, 

polished with PacBio (Pacific Biosciences, Menlo Park, CA, USA) HiFi long reads and Illumina 

(San Diego, CA, USA) short reads, and scaffolding with Hi-C and Omni-C (Dovetail Genomics, 

Scotts Valley, CA, USA) short-read data. Sequencing coverage for each platform and genome 

assembly is summarized in Appendix 2. Diploid genome sizes ranged from 5.24 Gb (Ae. searsii) 

to 6.53 Gb (Ae. longissima), with N50 values of 560.0–749.2 Mb and N90 values of 23.2–397.7 

Mb (Appendix 3). Scaffold numbers ranged from 226 to 1,720, with 8–10 scaffolds exceeding 100 

Mb (Figures 2.1B, 2.1C and Appendix 3). Tetraploid genomes ranged from 7.40 Gb (Ae. 

cylindrica) to 9.79 Gb (Ae. kotschyi), with N50 values of 367.2–644.9 Mb and N90 values of 62.5–

339.7 Mb (Figure 2.1B and Appendix 3). Scaffold counts ranged from 349 to 2,463, with 14–24 

scaffolds >100 Mb (Figures 2.1B-2.1C and Appendix 3). Hexaploid assemblies ranged from 11.57 

Gb (Ae. vavilovii) to 12.65 Gb (Ae. neglecta subsp. recta), with N50 values of 623.8–705.7 Mb 
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and N90 values of 316.1–390.8 Mb (Figure 2.1B and Appendix 3). Scaffold numbers ranged from 

266 to 1,070, with 21–23 scaffolds >100 Mb (Figures 2.1B-2.1C and S Appendix 3). Scaffolds 

>100 Mb accounted for 75.62–98.27% of diploid assemblies, 86.98–99.79% of tetraploid 

assemblies, and 98.95–99.89% of hexaploid assemblies, whereas scaffolds <100 Mb contributed 

the remaining 1.73–24.38%, 0.21–13.02%, and 0.11–1.05% of the total assembly size, 

respectively, illustrating the high contiguity of all genome assemblies. Benchmarking Universal 

Single-Copy Orthologs (BUSCO) analysis using the embryophyta_odb10 dataset (Manni et al., 

2021) showed high completeness (98.4–99.8%), supporting the overall quality of the assemblies 

(Appendices 3 and 4). In addition, LTR Assembly Index (LAI) scores ranged from 11.5 to 24.5 

across assemblies, indicating reference-quality representation of repetitive regions further 

supporting the overall  quality of the genome assemblies (Appendix 3). 

Comparative analyses of genome size between polyploid subgenomes and their 

corresponding diploid reference genomes revealed a consistent reduction in subgenome size 

following polyploidization, indicating genome contraction relative to their putative progenitors 

(Figure 2.1D). A similar trend was observed when comparing mean genome sizes across ploidy 

levels, where diploid genomes were consistently larger, whereas tetraploid and hexaploid 

subgenomes exhibited reduced average genome sizes across all genome groups (U, M, D, Sx, C 

and N) (Figure 2.1E). Together, these results indicate that the generated assemblies achieved high 

contiguity and completeness across all ploidy levels while also revealing consistent patterns of 

genome downsizing associated with polyploid evolution in Aegilops. 
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Figure 2.1 Morphological diversity and genome assembly statistics across Aegilops species. 

 

(A) Whole-plant morphology showing variation in plant architecture across diploid, tetraploid, and 

hexaploid Aegilops species, highlighting extensive phenotypic diversity across the genus. 

 

(B) Total genome size estimates for each species, with contributions from scaffolds >100 Mb 

shown alongside remaining scaffolds. 

 

(C) Assembly contiguity illustrated by the relationship between cumulative assembly size and 

number of scaffolds across genomes. 

 

(D) Comparative genome size variation across subgenomes (U, M, D, Sˣ, C and N) in polyploid 

Aegilops species relative to their corresponding diploid progenitors, highlighting subgenome-

specific expansion and contraction patterns. 

 

(E) Mean genome size variation across ploidy levels (diploid, tetraploid, and hexaploid) for each 

subgenome group, showing trends in genome size evolution following polyploidization. 

2.3.2 Gene annotation and orthogroup-based pangenome analysis 

The total numbers of protein-coding genes annotated increased with ploidy, ranging from 53,035–

59,817 in diploids, 88,422–109,856 in tetraploids and 143,429–156,779 in hexaploids. Ae. crassa 

subsp. crassa (4x) was an outlier with 149,108 genes. HC gene counts ranged from 21,865–27,783 

(diploids), 33,590–60,490 (tetraploids), and 44,149–55,945 (hexaploids). BUSCO completeness 

scores (84.5%–98.9%) indicate that most core genes were captured (Figure 2.2A and Appendix 5).  

To further resolve gene content evolution at the subgenome level, we compared total 

protein-coding gene numbers in each polyploid subgenome against their corresponding diploid 

progenitors (Figure 2.2B). This revealed highly heterogeneous patterns of gene retention and loss 

across subgenomes following polyploidization. The U subgenome showed both expansion and 

contraction relative to its diploid reference, indicating lineage-dependent gene content evolution 

rather than a uniform trend. In contrast, the M subgenome generally exhibited gene loss across 

most polyploid species, with notable exceptions of gene expansion in Ae. crassa subsp. crassa 
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(4x) and Ae. neglecta subsp. neglecta. The D subgenome displayed the highest variability among 

all subgenomes. Strong gene expansion was observed exclusively in Ae. crassa subsp. crassa (4x), 

whereas all other comparisons showed reduced gene numbers relative to diploid Ae. tauschii. This 

pattern highlights highly dynamic and lineage-specific evolutionary trajectories within the D 

subgenome. In comparison, the S subgenome remained largely unchanged, with gene contents 

closely matching its diploid counterpart. Similarly, the C subgenome showed high conservation, 

with Ae. cylindrica maintaining nearly identical gene numbers to diploid Ae. markgrafii, while Ae. 

triuncialis exhibited a moderate expansion. The N subgenome showed intermediate behaviour, 

with gene loss in Ae. ventricosa and gene expansion in Ae. neglecta subsp. recta, indicating 

moderate but lineage-specific variation without a consistent directional trend (Figure 2.2B). 

Overall, these results indicate that gene content evolution in Aegilops polyploids is strongly 

subgenome-dependent, with distinct evolutionary trajectories ranging from high conservation (S 

and C subgenomes), moderate plasticity (N and U subgenomes), to pronounced structural and gene 

content remodeling (D and M subgenomes). 

Orthogroup-based pangenome analysis further resolved gene content variation across the 

25 Aegilops genomes. A total of 80,521 orthogroups were identified, including 15,809 (19.63%) 

core orthogroups shared across all genomes, 61,735 (76.67%) dispensable orthogroups present in 

2–24 genomes, and 2,977 (3.70%) species-specific orthogroups, unique to individual genomes 

where the latter ranged from 16 in Ae. sharonensis to 548 in Ae. mutica (Figure 2.2C and Appendix 

6). These orthogroups corresponded to 18,587–55,519 core genes, 24,913–95,073 dispensable 

genes, and 36–2,283 species-specific genes per genome (Figure 2.2D and Appendix 6) with both 

core and dispensable gene fractions generally increasing with ploidy level. 
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Figure 2.2 Gene annotation statistics and pan-genome analysis of Aegilops species based on 

protein-coding genes. 

 

(A) Bar plot showing the total number of protein-coding genes in each species, including high-

confidence and low-confidence gene models, highlighting variation in gene content across the 

genus. 

 

(B) Comparison of total protein-coding gene numbers across subgenome groups (U, M, D, Sˣ, C 

and N) relative to their corresponding diploid progenitor species, illustrating changes in gene 

content associated with polyploidization. 

 

(C) Pie chart showing the proportions of core, dispensable, and species-specific orthogroups across 

the Aegilops pan-genome, summarizing gene conservation and diversification across species. 

 

(D) Distribution of core, dispensable, and species-specific genes across individual genomes, 

highlighting variation in gene sharing and lineage-specific gene content. The following species 

names were shortened: Ae. neglecta subsp. neglecta is shown as Ae. neglecta (4x); Ae. neglecta 
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subsp. recta as Ae. neglecta (6x); Ae. crassa subsp. crassa (4x) as Ae. crassa (4x); Ae. crassa 

subsp. crassa (6x) as Ae. crassa (6x). 

2.3.3 Phylogenetic relationships and divergence time 

Phylogenetic relationships were inferred from near single-copy orthologs (773) across 36 Aegilops 

genomes and subgenomes generated in this study, together with 27 previously published Aegilops 

and Triticum genomes/subgenomes. Brachypodium distachyon, Hordeum vulgare and 

Thinopyrum elongatum were included as outgroups to root the tree. The resulting phylogeny 

resolved A, B, D, Sx (Sitopsis) N, M, C, and U clades (Figure 2.3). Within the A clade, the A 

genomes of T. urartu and T. monococcum clustered with the A subgenomes of polyploid Triticum 

species. The B genome clade included the B subgenomes of T. aestivum and T. turgidum, the S 

genome of the Ae. speltoides, the T genome of Ae. mutica and the G genome of T. timopheevii. 

Most polyploid Aegilops subgenomes clustered with their expected diploid progenitors. For 

example, the D subgenomes grouped with the D genome of Ae. tauschii and D subgenome of 

Triticum aestivum, reflecting their shared ancestry. The N subgenomes of Ae. ventricosa (DN) and 

Ae. neglecta subsp. recta (UMN) grouped with Ae. uniaristata (N), while the C subgenomes of 

Ae. triuncialis (UC) and Ae. cylindrica (DC) clustered with Ae. markgrafii (C). Similarly, all U 

subgenomes formed a well-supported group with Ae. umbellulata (U). The “S” subgenomes of Ae. 

kotschyi  and Ae. peregrina clustered within the Sitopsis group, close to Ae. longissima (Sl) and 

Ae. sharonensis (Ssh), hinting that one or the other are the most likely progenitors of these species 

rather than Ae. speltoides (Figure 2.3). These concordant groupings confirm the involvement of 

the corresponding diploid species as progenitors of the respective subgenomes in polyploid 

Aegilops species. 

Conversely, the M subgenomes were more phylogenetically dispersed. Only the M 

subgenomes of Ae. geniculata (MU) and Ae. biuncialis (UM) clustered with Ae. comosa (M). The 
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M subgenomes of Ae. neglecta subsp. neglecta (UM), Ae. neglecta subsp. recta (UMN) and Ae. 

columnaris (UM) clustered within the U-genome clade, while that of Ae. crassa subsp. crassa (4x, 

DM), Ae. crassa subsp. crassa (6x, DDM), Ae. juvenalis (DMU), and Ae. vavilovii (DMS) nested 

within the D clade (Figure 2.3). These interspersed patterns suggest that M subgenomes have 

undergone extensive interchromosomal rearrangements and genome restructuring following 

polyploidization, resulting in reduced phylogenetic affinity to their putative diploid progenitors 

and closer association with co-resident subgenomes within the polyploid nucleus. Similarly, the S 

subgenome of Ae. vavilovii clustered with the D clade rather than with Ae. speltoides or any other 

Sitopsis species. Its close relationship to Ae. crassa subsp. crassa (6x, DDM) supports the 

possibility that this Ae. vavilovii accession may be misclassified. 

Using the same phylogenomic dataset, divergence times among Triticum–Aegilops 

lineages revealed a clear temporal structure. The earliest separations between the A and B genomes 

were estimated at ~6.99 MYA, followed by the divergence of the B and D lineages at ~6.65 MYA. 

Within the D clade, divergence ranged from 3.03 to 5.44 MYA when considering the D genomes 

of Ae. tauschii, Triticum aestivum, and polyploid Aegilops species. The most recent split occurred 

between Ae. tauschii and Triticum aestivum, whereas the deepest divergence reflects separation 

among more distantly related D subgenomes. The Sitopsis lineage diverged from the D lineage at 

~6.30 MYA, with internal divergence spanning 1.73–5.22 MYA (Figure 2.3). 

The N, M, C, and U genomes share a common ancestor at ~5.87 MYA. N genomes exhibit 

relatively narrow divergence (3.91–4.43 MYA), with the N subgenome of Ae. neglecta subsp. 

recta diverging at 3.91 MYA and that of Ae. ventricosa slightly earlier at 4.43 MYA. Diploid Ae. 

comosa clustered with the M subgenomes of Ae. biuncialis and Ae. geniculata, which diverged 

from each other at 3.62 MYA and from Ae. comosa at 4.44 MYA. The M subgenomes that grouped 
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within the D or U clades showed divergence times of 3.89–4.92 MYA (D clade) and 3.51–4.56 

MYA (U clade), highlighting their deeper and more variable evolutionary placement. In the C 

clade, the C subgenomes of Ae. cylindrica and Ae. triuncialis diverged from the diploid Ae. 

markgrafii at approximately 3.77 and 4.56 MYA, respectively. In contrast, U genomes exhibited 

a broader divergence range (2.86–5.09 MYA), although most U subgenomes diverged more 

recently (<4 MYA) (Figure 2.3). Overall, phylogenetic relationships largely reflect expected 

diploid–polyploid associations, with exceptions—particularly in the M lineage—indicating a 

complex, reticulate evolutionary history. Divergence estimates further support earlier origins for 

M-genome–containing species relative to other lineages. 
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Figure 2.3 Phylogenetic relationships and divergence-time estimates in the Triticum/Aegilops 

species complex. 
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Phylogeny and divergence times inferred from 773 near single-copy orthologs. Horizontal bars 

represent the 95% highest posterior density (HPD) intervals for each node. Superscript numbers 

correspond to previously published genome references (e.g., 1, 2 — Ahmed et al. (2023); 3, 8 — 

Grewal et al. (2024); 4 —Ling et al. (2018); 5, 10 — Zhu et al. (2019); 6, 9, 15 — IWGSC (2021); 

7 — Grewal et al. (2025); 11 — Yang et al. (2023); 12, 16, 17, 20, 21 — Li et al. (2022); 13, 18, 

19 — Avni et al. (2022); 14 — Wang et al. (2021); 22, 24, 25, 27 — Khadka et al. (2026, 

unpublished); 23 — Li et al. (2024); 26 — Abrouk et al. (2023). Genomes without superscript 

numbers represent assemblies generated in this study. For simplicity, the following species names 

were shortened: Ae. crassa subsp. crassa (4x) is shown as Ae. crassa 4x; Ae. crassa subsp. crassa 

(6x) as Ae. crassa 6x; Ae. neglecta subsp. neglecta as Ae. neglecta 4x; and Ae. neglecta subsp. 

recta as Ae. neglecta 6x. A, B, D, Sx, N, M, C, and U indicate the corresponding clades. 

2.3.4 Genome structural variation (SV) landscape 

To investigate structural variation, tetraploid and hexaploid Aegilops subgenomes were compared 

with their respective diploid progenitors from which synteny, inversions, translocations, 

duplications, insertions, and deletions were tallied. Many subgenome–progenitor pairs retained 

extensive synteny, reflecting overall genome conservation. Among the 34 comparisons, fourteen 

were highly syntenic with over 2,000 shared syntenic blocks, ten showed moderate synteny with 

1,000–2,000 blocks, and the remaining comparisons had fewer than 1,000 blocks, indicating 

varying levels of structural divergence (Figure 2.4A and Appendix 7). 

Inversions were less frequent than other SV types but often spanned large regions ranging 

from 507 bp to 351 Mb, and accounted for the largest proportion of genome span among all SV 

classes (2.6–30.9%) (Figure 2.4B and Appendices 7-9), with the largest detected on chromosome 

2M in the Ae. geniculata–Ae. comosa comparison (Figure 2.4C). Translocations were widespread, 

ranging from 439 bp to 67 Mb, and accounted for 0.0–13.2% of the genome span, with most 

comparisons showing over 2,000 events (Appendices 7-9). The largest intrachromosomal 

translocation occurred on chromosome 5C in Ae. cylindrica–Ae. markgrafii (Figure 2.4D) while 

the largest interchromosomal event involved chromosomes 5S of Ae. peregrina and 7Sl of Ae. 
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longissima (Figure 2.4E). Duplications were the most abundant SV type, with ten comparisons 

exceeding 10,000 events and up to 36,853 in the U genome comparison between Ae. peregrina 

and Ae. umbellulata (Figure 2.4A and Appendix 7). Despite this high abundance, duplications 

accounted for only a small proportion of genome span (0.0–8.2%) (Appendix 7). Duplication sizes 

ranged from 397 bp to 100 Mb (Appendix 8), with the largest events observed between 

chromosomes 3U–5U (100 Mb) and 3U–4U (80 Mb) in Ae. neglecta subsp. neglecta and Ae. 

umbellulata (Figure 2.4F). Insertions and deletions were less frequent, generally below 2,000 

events per comparison, and both spanned only a very small portion of the genome, with sizes 

ranging from 51 bp to 11 Mb and 51 bp to 2 Mb, respectively (Appendices 7 and 8).  

Lineage-specific patterns were also evident. Several M subgenomes showed low synteny 

with Ae. comosa, resulting in few detectable SVs, consistent with their phylogenetic placement 

alongside co-resident U or D subgenomes. Subsequent SV analyses of these subgenomes using the 

reference genome corresponding to their coexisting counterparts revealed higher synteny and more 

SVs (Appendices 10A-10G and 11), indicating extensive post-polyploidization restructuring. 

Similarly, the putative S subgenome of Ae. vavilovii showed limited synteny with Ae. speltoides 

(Appendix 9Y) and other Sitopsis genomes, but higher synteny with Ae. tauschii (Appendices 

10H-10L and 11). In agreement with its phylogenetic placement, this SV pattern supports the 

interpretation that this subgenome corresponds to a D genome related to Ae. crassa subsp. crassa 

(6x, DDM), indicating potential misclassification of this accession. In contrast, the S subgenomes 

of Ae. peregrina and Ae. kotschyi exhibited greater synteny with Ae. longissima and Ae. 

sharonensis (Appendices 9I-9J and 9L-9M) than with Ae. speltoides (Appendices 10M-10N and 

11), consistent with their phylogenetic relationships. Together, SV patterns closely mirror 
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phylogenetic relationships and highlight extensive interchromosomal restructuring following 

polyploidization.  

To assert that the extent of the variation observed in polyploid species compared to their 

progenitor was the result of post-polyploidization restructuring, we quantified SV in four diploid 

species where assemblies for multiple accessions were available, namely Ae. sharonensis, Ae. 

longissima, Ae. bicornis and Ae. searsii. These diploid pangenome comparisons revealed 

substantial structural variation within species, indicating that SVs were already present among 

diploid lineages prior to polyploid formation (Appendices 12 and 13). The higher synteny and 

greater number of detected SVs in diploid comparisons likely reflect increased sequence similarity, 

which enables more extensive alignment and facilitates SV identification. Therefore, SVs 

identified in polyploid–diploid comparisons may represent a combination of ancestral standing 

variation retained from diploid progenitors and structural changes that occurred after 

polyploidization. 
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Figure 2.4 Synteny patterns and structural variation in Aegilops subgenomes relative to their 

diploid progenitors.  

(A) Stacked bar plots showing the distribution of syntenic regions and structural variant (SV) 

types—including inversions, translocations, duplications, insertions, and deletions—across 

subgenome–progenitor comparisons. Each bar represents the relative abundance of synteny and 

SV classes for a given comparison. The following species names were shortened: Ae. neglecta 

subsp. neglecta is shown as Ae. neglecta 4x; Ae. crassa subsp. crassa (4x) as Ae. crassa 4x; Ae. 

crassa subsp. crassa (6x) as Ae. crassa 6x; and Ae. neglecta subsp. recta as Ae. neglecta 6x. 

(B) Stacked bar plots showing the percentage of each genome spanned by syntenic regions and SV 

classes across subgenome–progenitor comparisons. Each bar represents the proportion of genomic 

sequence covered by each category for a given comparison. Species abbreviations are the same as 

in (A). 

 

(C–F) Representative large-scale structural variants identified in polyploid Aegilops subgenomes: 

(C) the largest inversion on chromosome 2M in the Ae. geniculata–Ae. comosa comparison; 

(D) the largest intrachromosomal translocation on chromosome 5C in Ae. cylindrica–Ae. 

markgrafii; 

(E) the largest interchromosomal translocation involving chromosome 5S of Ae. peregrina and 

chromosome 7Sl of Ae. longissima; 

(F) the largest interchromosomal duplications between 3U–5U and 3U–4U in Ae. neglecta subsp. 

neglecta–Ae. umbellulata. To improve visualization, only SVs larger than 10 kb were included in 

plots. Species abbreviations used in the plots are: Aecom (Ae. comosa), Aegen (Ae. geniculata), 

Aemark (Ae. markgrafii), Aecylin (Ae. cylindrica), Aelong (Ae. longissima), Aepereg (Ae. 

peregrina), Aeumb (Ae. umbellulata) and Aeneg4x (Ae. neglecta subsp. neglecta). 

2.3.5 Genome-wide transposable element (TE) composition 

Genome-wide transposable element (TE) content was analyzed across all 18 Aegilops assemblies. 

TEs account for 85.44–88.10% of the genomes. This repetitive fraction is predominantly 

composed of Class I LTR retrotransposons (Gypsy and Copia) and Class II DNA transposons of 

the CACTA superfamily, whereas other TE superfamilies contribute marginally. Gypsy elements 

are the most abundant (38.0–46.84%), followed by Copia (13.97–19.04%) and CACTA elements 

(8.54–16.01%) (Figure 2.5A and Appendices 14-15). 
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Despite similar overall TE content, variations in composition were observed among 

species. In particular, Ae. crassa subsp. crassa (4x), Ae. vavilovii, and Ae. crassa subsp. crassa 

(6x) had fewer Gypsy (38.00%, 38.90%, 39.71%) and Copia (13.97%, 14.90%, 14.72%) , but more 

CACTA elements (16.01%, 14.32%, 15.29%) relative to other genomes. In addition, Ae. crassa 

subsp. crassa (4x) has the highest proportion of unclassified LTR elements (9.25%) (Appendix 

14). These results indicate lineage-specific differences in TE composition across Aegilops species. 

2.3.6 Comparative analysis of LTR clade dynamics across subgenomes 

To assess LTR retrotransposon composition across Aegilops genomes, LTRs were classified into 

distinct clades using a domain-based HMM approach. Across all genomes, we identified four 

Copia (Angela, SIRE, Ale, TAR) and five Gypsy (Retand, Athila, Tekay, CRM, Reina) clades. For 

each clade, LTR counts were normalized per gigabase (Gb) to enable comparison across genomes 

and subgenomes (Appendices 16-21), with polyploid subgenomes compared to their diploid 

references (Figures 2.5B-2.5G). 

Angela was the most abundant Copia element, followed by SIRE, whereas Ale and TAR 

were less represented. Among Gypsy elements, Retand and Athila were predominant, with Tekay 

and CRM showing intermediate levels, and Reina remaining low. Overall, LTR composition was 

broadly conserved, though total abundance and specific clade proportions showed lineage- and 

subgenome-specific variations. M and D subgenomes showed the greatest variability, whereas U 

and S subgenomes closely resembled their diploid progenitors, with minor variation in C and N 

subgenomes (Figures 2.5B-2.5G and Appendices 16-21). 

Log₂ fold change analysis relative to diploid genomes revealed lineage-specific dynamics 

(Figure 2.5H). Angela consistently contracted in several M subgenomes including Ae. crassa 

subsp. crassa (4x and 6x) and Ae. juvenalis, while SIRE and Ale varied moderately, with Ale 
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expanding in some D subgenomes. TAR displayed localized expansion in certain M subgenomes 

while remaining stable across other subgenomes. Among Gypsy lineages, Retand and Athila 

expanded in multiple M subgenomes, and Tekay contracted within the D lineage. CRM displayed 

contrasting patterns, with depletion in some U subgenomes such as Ae. geniculata, Ae. biuncialis, 

but expanded in several M and D subgenomes. In contrast, Reina consistently expanded across all 

D subgenomes (Figure 2.5H). Independent of species identity, fold-change patterns clustered 

subgenomes with similar LTR dynamics. While overall composition is conserved, individual LTR 

clades underwent subgenome-specific expansion and contraction. 
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Figure 2.5 Transposable element composition and LTR clade dynamics across Aegilops genomes 

and subgenomes.  

(A) Stacked bar plot showing the proportional contribution of each transposable element class to 

overall Aegilops genome composition. 

(B–G) Normalized LTR clade abundance (per Gb) across U, M, D, S, C, and N subgenomes, 

respectively.  
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(H) Heatmap showing log₂ fold changes in LTR clade abundance relative to corresponding diploid 

reference genomes. The following species names were shortened: Ae. neglecta subsp. neglecta is 

shown as Ae. neglecta (4x); Ae. crassa subsp. crassa (4x) as Ae. crassa (4x); Ae. crassa subsp. 

crassa (6x) as Ae. crassa (6x); and Ae. neglecta subsp. recta as Ae. neglecta (6x). 

2.3.7 Subgenome-specific LTR dynamics within polyploid Aegilops species 

To investigate LTR dynamics within polyploid genomes, we compared LTR clade abundance 

between subgenomes using log₂ fold-change. For tetraploids, subgenome pairs were compared 

(e.g., U vs M in Ae. biuncialis), while in hexaploids all pairwise comparisons were performed 

(e.g., D vs M, D vs S, M vs S in Ae. vavilovii). Overall, most clade-level differences were modest 

(log₂ fold-change < 0.5), indicating similar LTR composition within species (Figure 2.6 and 

Appendices 22-24). 

Despite this overall similarity, consistent subgenome-specific patterns were observed. In 

Ae. geniculata and Ae. biuncialis, the Ale and TAR Copia clades were enriched in the U 

subgenome, while the CRM Gypsy clade was consistently enriched in the M subgenome (Figures 

2.6G and 2.6J), suggesting conserved dynamics. In Ae. peregrina and Ae. kotschyi, the Tekay 

Gypsy clade was enriched in the S subgenomes, with additional CRM expansion in the U 

subgenome of Ae. kotschyi (Figures 2.6E-2.6F). In tetraploids Ae. neglecta subsp. neglecta, Ae. 

cylindrica, Ae. ventricosa, Ae. triuncialis, Ae. crassa subsp. crassa (4x), and Ae. columnaris, 

minimal differences were observed for most clades, supporting overall homogenization (Figures 

2.6A–2.6D and 2.6H–2.6I). However, localized expansions were still evident, including TAR in 

the C subgenome of Ae. cylindrica (Figure 2.6B), Ale in the M subgenome of Ae. columnaris 

(Figure 2.26I), and CRM enrichment in multiple U and D subgenomes (Figures 2.6A, 2.6C and 

2.6H). 



41 
 

In hexaploids, subgenome-specific differences were limited but more pronounced in some 

species. In Ae. juvenalis, CRM showed clear expansion in the U subgenome relative to D and M 

(Figures 2.6Q–2.6S), while in Ae. crassa subsp. crassa (6x), its expansion was in D subgenomes 

relative to M (Figures 2.6N-2.6P). In Ae. neglecta subsp. recta, CRM was enriched in the U and 

M subgenomes compared with the N subgenome, whereas Ale expanded in the M subgenome 

relative to the U subgenome (Figures 2.6T–2.6V). In contrast, Ae. vavilovii showed minimal 

variation, indicating a highly homogenized LTR landscape (Figures 2.6K–2.6M). Overall, LTR 

composition is largely homogenized among subgenomes within species, likely reflecting shared 

nuclear environments after polyploidization. However, repeated expansion of specific lineages—

particularly Gypsy CRM—across multiple species suggests ongoing or preferential activity in 

certain genomic contexts, highlighting its role in recent LTR dynamics in polyploid Aegilops. 
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Figure 2.6 Subgenome-specific LTR dynamics within polyploid Aegilops species.  

(A–V) Log₂ fold changes in LTR lineage abundance between subgenomes within tetraploid and 

hexaploid species, highlighting subgenome-specific expansions and contractions of individual 

LTR clades. For each panel, species names are at the top and subgenomes compared are specified 

in the legend. The following species names were shortened: Ae. neglecta subsp. neglecta is shown 

as Ae. neglecta (4x); Ae. crassa subsp. crassa (4x) as Ae. crassa (4x); Ae. crassa subsp. crassa 

(6x) as Ae. crassa (6x); and Ae. neglecta subsp. recta as Ae. neglecta (6x). 

2.3.8 Insertion time dynamics of LTR retrotransposons across subgenomes 

To investigate temporal dynamics of LTR retrotransposons, insertion times were estimated for 

Full-length elements in each subgenome and compared with their diploid references. Across all 

genomes, a consistent temporal separation between LTR superfamilies was observed. Copia 

elements showed predominantly recent insertions, peaking at ~0–1 MYA, whereas Gypsy elements 

exhibited older insertion profiles, generally peaking at ~0.5–1.5 MYA (Figure 2.7 and Appendices 

25-30). 

Subgenome-specific variation in full-length LTR abundance was also evident. Several 

subgenomes, including the U and M subgenomes of Ae. biuncialis, the M subgenome of Ae. crassa 

subsp. crassa (6x), and the D and C subgenomes of Ae. cylindrica, exhibited lower numbers of 

full-length LTRs, indicating variation in intact LTR representation across subgenomes (Figures 

2.7A–2.7C and 2.7E). Differences were also apparent at the ploidy level. Tetraploid subgenomes 

showed LTR insertion time distributions broadly similar to their diploid progenitors, whereas 

hexaploid genomes exhibited lower overall frequencies of full-length LTR elements and less 

pronounced peaks, indicating differences in the abundance and preservation of intact LTR 

retrotransposons across ploidy levels. 

To place these patterns in an evolutionary context, insertion time distributions were 

compared with estimated divergence times between polyploid subgenomes and their 
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corresponding diploid progenitors. Divergence time analysis indicated that subgenomes diverged 

more than 2 MYA (Figure 2.3), whereas many peak LTR insertions occurred within the last 0–1.5 

MY (Figure 2.7 and Appendices 25-30). This temporal separation indicates that most LTR activity 

postdates subgenome divergence and therefore represents lineage- and subgenome-specific 

transposition. Consistent with this, recent Copia activity (~0–1 MYA) suggests ongoing 

amplification after polyploidization. Although Gypsy elements show slightly older insertion 

profiles, their activity also largely falls within the post-divergence period, suggesting independent 

amplification across lineages. Overall, these results indicate that LTR dynamics in Aegilops are 

driven primarily by both lineage-specific insertion histories and the differential retention or 

degradation of older elements. 
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Figure 2.7 Insertion time dynamics of LTR retrotransposons across Aegilops subgenomes.  

(A–F) Insertion time distributions of LTR retrotransposons in (A) U, (B) M, (C) D, (D) S, (E) C, 

and (F) N subgenomes, including comparisons with the corresponding diploid reference genomes. 

The following species names were shortened: Ae. neglecta subsp. neglecta is shown as Ae. 

neglecta (4x); Ae. crassa subsp. crassa (4x) as Ae. crassa (4x); Ae. crassa subsp. crassa (6x) as 

Ae. crassa (6x); and Ae. neglecta subsp. recta as Ae. neglecta (6x). Ae. crassa (6x-1) and Ae. 

crassa (6x-2) denote the D1 and D2 subgenomes of Ae. crassa subsp. crassa (6x), respectively. 

2.4 Discussion 

We generated high quality genome assemblies of four diploid, ten tetraploid, and four hexaploid 

species of Aegilops, which, together with the previously published ones, complete the production 

of assemblies for all 25 species of the genus. These assemblies substantially expand genomic 

resources for the genus, particularly for polyploid taxa, for which only Ae. ventricosa (Liu et al., 

2025) was previously available. They provide a foundation for investigating genome evolution, 

polyploidization, structural variation, and traits relevant to wheat improvement. 

Overall, assembly sizes are consistent with previous estimates while showing improved 

contiguity and completeness. Diploid assemblies closely match earlier reports (Avni et al., 2022; 

Li et al., 2022), with higher N50 and N90 values indicating improved continuity. Tetraploid 

genome sizes are concordant with cytogenetic estimates (Eilam et al., 2008; Eilam et al., 2007) 

and our flow cytometry data (Appendix 31), with Sx-containing species (e.g., Ae. kotschyi, Ae. 

peregrina) having larger genomes, whereas C-genome species (e.g., Ae. cylindrica, Ae. triuncialis) 

exhibit smaller genome sizes (Eilam et al., 2008; Eilam et al., 2007). The Ae. ventricosa assembly 

is comparable to that of Liu et al. (2025). The four hexaploid assemblies represent the first scaffold-

level genomic resources for these species, with consistently high contiguity despite the challenges 

of assembling large, repetitive polyploid genomes. Comparative analyses further revealed a 

consistent pattern of genome downsizing across nearly all polyploid subgenomes relative to their 

diploid progenitors, indicating that genome contraction represents a pervasive feature of polyploid 
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genome evolution in Aegilops. Similar patterns have been reported in other Triticeae polyploids 

and are generally interpreted as consequences of post-polyploid diploidization involving sequence 

elimination and genome restructuring (Eilam et al., 2008; Leitch and Bennett, 2004). 

Building on these assemblies, protein-coding genes were annotated across all ploidy levels. 

High-confidence (HC) gene counts were generally lower than in previous studies. In diploids, HC 

gene numbers ranged from 21,865–27,783, compared with 31,183–40,222 reported in prior studies 

(Avni et al., 2022; Li et al., 2022; Yu et al., 2022). Similarly, tetraploid genomes had fewer HC 

genes than Ae. ventricosa (69,000) (Liu et al., 2025) and tetraploid wheat (65,012–66,559) (Avni 

et al., 2017; Maccaferri et al., 2019), although Ae. triuncialis (60,490) showed comparable values. 

In hexaploids, HC gene counts were also lower than the 106,913 genes reported for the Chinese 

Spring wheat genome (IWGSC, 2021). These differences could stem from methodological 

variation. Previous annotations incorporated RNA-Seq, Iso-Seq, and homology-based evidence, 

whereas our approach used a machine-learning model without transcriptomic support, but applied 

a stricter 95% similarity threshold (vs. 80–90% in earlier studies). Despite lower HC gene counts, 

BUSCO completeness (84.5%–98.9%) indicates that vast majority of the conserved genes were 

captured, supporting their use in comparative and evolutionary analyses. 

Annotation of protein-coding genes in Ae. crassa subsp. crassa (4x) revealed higher gene 

content than in other tetraploid assemblies. Because elevated gene numbers can raise concerns 

about ploidy misclassification, nuclear DNA content was assessed by flow cytometry, confirming 

a genome size of 10.39 Gb, consistent with other tetraploids (8.83–12.01 Gb) (Appendix 31). The 

increased gene number suggests lineage-specific gene retention and reduced post-polyploidization 

gene loss, a pattern commonly observed in polyploid plant genomes following whole-genome 

duplication (Cheng et al., 2018). Its deep phylogenetic divergence further suggests that extended 
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evolutionary time contributed to the accumulation and retention of lineage-specific genes relative 

to other tetraploids. 

Subgenome-level comparisons revealed that gene content evolution following 

polyploidization was highly heterogeneous. The M and D subgenomes displayed the greatest 

variability, including substantial gene loss in several lineages, consistent with the strongest 

genome downsizing observed in the M subgenomes. In comparison, the U and N subgenomes 

exhibited intermediate patterns characterized by moderate lineage-specific expansion and 

contraction, indicating a more limited but still detectable degree of post-polyploid remodeling. The 

S and C subgenomes remained comparatively conserved, retaining gene numbers similar to their 

diploid progenitors, consistent with genome size comparisons showing minimal deviation from 

diploid genome sizes in these lineages. Overall, these results indicate that genome downsizing 

following polyploidization is associated with widespread and uneven gene fractionation across 

subgenomes, reflecting coordinated but lineage-specific reductions in gene content. 

The phylogenomic framework provides a comprehensive assessment of evolutionary 

relationships across all 25 recognized Aegilops species together with key Triticum genomes. The 

inferred relationships are largely consistent with established cytogenetic and taxonomic 

frameworks (Gill and Friebe, 2002; Kilian et al., 2011; Lilienfeld, 1951; Van Slageren, 1994) while 

also revealing lineage-specific complexities of genome evolution in the Aegilops–Triticum 

complex. Within the A clade, T. urartu and T. monococcum cluster with A subgenomes of 

polyploid wheats, consistent with their established roles as A-genome donors (Kilian et al., 2011; 

Li et al., 2022; Marcussen et al., 2014). The B-genome clade includes the B subgenomes of T. 

aestivum and T. turgidum, together with the S genome of Ae. speltoides and the G genome of T. 

timopheevii. The T genome of Ae. mutica also groups within this lineage, substantiating previous 



49 
 

studies that suggested it as an early-diverging member of the B lineage. (Avni et al., 2022; 

Bernhardt et al., 2020; Glémin et al., 2019; Li et al., 2022) 

The D genomes form a well-supported clade, with all D subgenomes clustering with Ae. 

tauschii and the D genome of hexaploid wheat, consistent with previous evidence for their origin 

(Chen et al., 2020; Lilienfeld and Kihara, 1934; Liu et al., 2025). Notably, divergence patterns 

suggest a more ancient origin of D subgenomes in polyploid Aegilops than previously proposed 

(Liu et al., 2025), with Ae. crassa subsp. crassa (4x) showing the earliest divergence, supporting 

its status as one of the oldest polyploid species (Dubcovsky and Dvorak, 1995; Kroupin et al., 

2022). The “S” subgenomes of Ae. peregrina and Ae. kotschyi cluster with Ae. longissima (Sl) and 

Ae. sharonensis (Ssh), rather than Ae. speltoides (S), consistent with earlier studies (Badaeva et al., 

2004; Friebe, 1996; Jewell, 1979; Jewell and Driscoll, 1983; Zhang et al., 1992; Zhao et al., 2016). 

Structural variation patterns further support Ae. sharonensis as the most likely progenitor. 

Similarly, the N, C, and U subgenomes group with their respective diploid donors (Ae. uniaristata, 

Ae. markgrafii, and Ae. umbellulata). For the N lineage, divergence estimates indicate a more 

ancient origin for Ae. ventricosa compared to previous reports (Liu et al., 2025) possibly reflecting 

an earlier split and subsequent independent evolution. Overall, these patterns support largely 

conserved relationships between polyploid subgenomes and their diploid progenitors. 

The M genome displays the most complex and phylogenetically dispersed pattern. Only 

the M subgenomes of Ae. geniculata and Ae. biuncialis cluster with the diploid donor Ae. comosa, 

whereas others group within U- or D-genome clades. This pattern differs from the expected donor–

subgenome relationships and suggests a more complex evolutionary history than previously 

assumed. Although alternative explanations, including subgenome misclassification, paralogous 

sequence inclusion, or assembly-related artifacts, could contribute to unexpected phylogenetic 
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placements, several factors support a biological interpretation. All polyploid genomes were 

assigned to subgenomes using a consistent comparative approach across species, reducing the 

likelihood of systematic subgenome misassignment. Furthermore, the high contiguity and 

completeness of the assemblies, supported by high N50 values, BUSCO completeness, and LTR 

assembly quality scores ranging from 11.5 to 24.5, indicate that assembly errors are unlikely to 

fully explain the observed phylogenetic patterns. The analyses were also based on near single-

copy orthologs, reducing the potential influence of paralogous sequences. In addition, SV and 

synteny analyses provided further support for a biological basis underlying these phylogenetic 

patterns. M subgenomes that were phylogenetically displaced from their diploid progenitor 

showed reduced synteny and fewer detectable structural variants in direct comparisons with Ae. 

comosa, consistent with their divergence from the ancestral lineage. Most M subgenomes show 

deep divergence (>4 MYA), placing them among the oldest polyploid-derived subgenomes in 

Aegilops. Notably, the M subgenome of Ae. crassa subsp. crassa (4x; DM) shows the earliest 

divergence, consistent with earlier cytogenetic studies identifying this species as one of the most 

ancient polyploids (Dubcovsky and Dvorak, 1995; Kroupin et al., 2022). This phylogenetic 

displacement, together with deep divergence, suggests post-polyploidization extensive genomic 

remodeling, potentially associated with structural variation and homoeologous exchanges during 

prolonged coexistence with D or U genomes (Feldman and Levy, 2012; Zhang et al., 2023). An 

alternative hypothesis is that some polyploid subgenomes currently assigned to the M genome may 

not have originated from extant Ae. comosa, but instead from a closely related, unsampled, or 

extinct diploid lineage, or that their genomic ancestry has been obscured by subsequent 

evolutionary processes. Consequently, the identity of the diploid donor for these subgenomes may 

require re-evaluation using broader taxonomic sampling to provide additional genomic evidence. 
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Similarly, the S subgenome of Ae. vavilovii clustered with the D clade rather than with Ae. 

speltoides or other Sitopsis species. Previous cytogenetic and molecular studies suggest that Ae. 

vavilovii originated from a tetraploid Ae. crassa-like (DM) ancestor following hybridization with 

an S-genome donor, indicating a close evolutionary relationship between Ae. vavilovii (DMS) and 

Ae. crassa subsp. crassa (6x) (DDM) through their shared tetraploid DM ancestry (Baum et al., 

2012; Edet et al., 2018). The placement of the putative S subgenome within the D lineage is 

unexpected and is consistent with the possibility that the assigned S subgenome may instead 

represent a D subgenome, suggesting potential accession misidentification or taxonomic 

uncertainty. Alternatively, given the close relationship of several Sitopsis species to the D lineage, 

the S subgenome of Ae. vavilovii may have originated from another Sitopsis lineage, such as Ae. 

longissima, Ae. bicornis, Ae. searsii, or Ae. sharonensis. This possibility is consistent with 

contributions of Ae. longissima and/or Ae. sharonensis to the S subgenomes of Ae. kotschyi and 

Ae. peregrina. The observed placement may also reflect the complex evolutionary history of DMS-

genome polyploids, including homoeologous exchanges, incomplete lineage sorting, or historical 

introgression that influenced the phylogenetic signal. Additional genomic sampling of related 

species and multiple accessions will be required to determine whether this pattern reflects 

evolutionary divergence or accession misidentification. 

Comparative analyses of the assemblies revealed that extensive structural variation is a 

pervasive feature of polyploid Aegilops genomes and a major driver of post-polyploidization 

evolution. While many subgenome–progenitor comparisons retain large syntenic regions, 

widespread inversions, translocations, duplications, insertions, and deletions indicate genome 

reorganization following polyploid formation, consistent with observations in wheat and other 

Aegilops polyploids (Badaeva et al., 2004; Badaeva et al., 2021; Friebe, 1996). Large inversions, 
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though less frequent, produce major structural changes, while abundant translocations reflect 

homoeologous pairing and exchanges documented cytogenetically (Badaeva et al., 2004; Friebe, 

1996; Lilienfeld, 1951), indicating that interchromosomal rearrangements have been a persistent 

feature of their evolutionary history. Duplications, the most prevalent SV type, often involve large 

segments and likely contribute to gene copy number variation, dosage effects, and functional 

diversification, all recognized sources of evolutionary novelty in polyploid genomes (Flagel and 

Wendel, 2009). 

Patterns of structural variation closely mirror phylogenetic relationships. Subgenomes 

phylogenetically displaced from their diploid progenitors—particularly M subgenomes—show 

reduced synteny and few detectable SVs in direct comparisons, whereas comparisons with 

references of co-resident subgenomes reveal higher synteny and more SVs, suggesting that 

prolonged coexistence of divergent subgenomes facilitates interchromosomal rearrangements and 

homoeologous exchanges, widening divergence from diploid progenitors.  

Considering the limited availability of comprehensive pan-genome resources for Aegilops 

species, it is not possible to unambiguously distinguish structural variants that are unique to 

polyploidization from those already present within natural diploid populations. However, 

additional comparisons among multiple diploid Aegilops genomes from the same species indicate 

that substantial structural variation is already present within diploid gene pools. This suggests that 

at least a portion of the SV observed in polyploid–progenitor comparisons may reflect pre-existing 

variation within ancestral diploid populations, in addition to structural changes accumulated 

following polyploidization. 

Genome-wide TE annotation across 18 Aegilops species revealed that TEs constitute a 

major fraction of these genomes (85–88%), dominated by LTR retrotransposons (Gypsy and 
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Copia) and CACTA DNA transposons, consistent with other Triticeae species (Vicient and 

Casacuberta, 2017; Wicker et al., 2018). While overall TE composition is broadly conserved, 

lineage-specific variations—such as reduced Gypsy and Copia content and elevated CACTA 

abundance in several polyploids—highlight differential retention and amplification, reflecting the 

dynamic behavior of TEs following polyploidization (Fedoroff, 2000; Parisod et al., 2010). 

Comparative analysis of LTR retrotransposon clades across Aegilops genomes revealed TE 

landscape dominated by a limited number of highly abundant lineages. Across all genomes, Angela 

represented the most abundant Copia element, whereas within the Gypsy superfamily, Retand and 

Athila were consistently predominant, indicating that these clades constitute the major components 

of LTR retrotransposon diversity in Aegilops. Comparative LTR analyses across subgenomes 

relative to their diploid progenitors reveal that post-polyploidization TE dynamics are highly 

lineage- and subgenome-specific, rather than following a uniform trajectory. Instead, distinct LTR 

clades exhibit contrasting patterns depending on genomic context. For example, the Copia element 

Angela shows consistent contraction across most M subgenomes, whereas TAR displays localized 

expansions in specific M subgenomes, indicating heterogeneous Copia dynamics within the same 

subgenomic background. In contrast, the Gypsy lineage Reina shows a consistent expansion across 

all D subgenomes, suggesting a shared D-genome-specific propensity for this TE family. 

Similarly, CRM exhibits highly contrasting behavior across genomes, with contraction in several 

U subgenomes (e.g., Ae. biuncialis and Ae. geniculata), but expansion in selected M and D 

subgenomes. These lineage-specific LTR dynamics were broadly consistent with patterns of 

genome size evolution across subgenomes. Subgenomes exhibiting stronger genome downsizing, 

particularly the M subgenomes, generally also showed greater shifts in LTR composition and 

abundance, suggesting that TE turnover contributed, at least in part, to genome contraction 
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following polyploidization. In contrast, the S subgenomes remained comparatively stable in LTR 

composition and abundance, closely resembling their diploid progenitors, consistent with their 

overall conservation in genome size and gene content. Together, these findings indicate that 

different subgenomes followed distinct evolutionary trajectories after polyploidization, with TE 

dynamics contributing differentially to genome remodeling and subgenome divergence in 

Aegilops. 

Subgenome-level analyses within polyploids further indicate that while most LTR clades 

are homogenized, certain families display localized expansions or contractions. Notably, the Gypsy 

CRM consistently exhibits subgenome-specific expansion, suggesting preferential activity or 

retention. Temporal analyses show Copia elements driving recent genome evolution, whereas 

Gypsy elements largely reflect older amplification events, likely influenced by transposition 

activity, epigenetic regulation, and element removal via recombination or deletion (Bennetzen and 

Wang, 2014; Fedoroff, 2000; Lisch, 2013; Pulido and Casacuberta, 2023). Overall, these findings 

underscore the central role of TEs in shaping Aegilops genome structure and their contribution to 

subgenome differentiation and polyploid genome evolution. 

In conclusion, we provide a comprehensive genomic framework for 18 Aegilops species, 

integrating high-quality assemblies, gene annotation, phylogenetic, and structural variation 

analyses. Polyploid subgenomes show substantial divergence from their diploid progenitors, 

associated with extensive interchromosomal remodeling. LTR analyses reveal lineage- and 

subgenome-specific expansions and contractions, highlighting the dynamic role of TEs upon 

polyploidization. The multi-faceted analysis provides insights into polyploid Aegilops genome 

evolution and can be capitalized upon to inform wheat improvement through novel alleles, 

subgenome variation, and structural diversity. 
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2.5 Methods 

2.5.1 Plant materials 

One accession each of 18 Aegilops species (Appendix 1) were grown in root trainers in a growth 

cabinet with a 16 h light and 8 h dark photoperiod regime, and temperature settings of 24°C during 

the day and 18°C at night. Seedlings were vernalized at the 4-5 leaf stage for ten weeks in a 4°C 

growth chamber with a 12 h photoperiod. After vernalization, seedlings were transplanted and 

returned to the original growth chamber. At heading, plants were bagged to prevent cross-

pollination and seeds were harvested at maturity. Single-seed descents were grown for 3-5 

generations to increase homozygosity prior to genome sequencing initiation. 

2.5.2 Isolation of high-molecular-weight genomic DNA 

Ten to 58 seedlings from each of the 18 single-seed descent accessions (Appendix 1) were grown 

in root trainers as described above. At the 2-4 leaf stage, plants were maintained in darkness for 2-

3 days, after which tissue collection was performed by weighing the tissue prior to flash-freezing 

and storage in liquid nitrogen. Seedlings were allowed to regrow and the sampling process was 

repeated until approximately 15 g was collected per sample. Pooling tissue from multiple seedlings 

ensured sufficient high-molecular-weight DNA yield for long-read sequencing. Heterogeneity due 

to residual heterozygosity within pools was minimized through single-seed descent of each 

accession for three or more generations prior to tissue sampling.  

High-molecular-weight genomic DNA (HMW gDNA) was extracted using a modified 

nuclei isolation protocol (Zhang et al., 2012) where the nuclei isolation buffer (NIB) was 

supplemented immediately before use with spermine trihydrochloride and spermidine 

tetrahydrochloride to final concentrations of 1 mM each. Briefly, the tissue was ground to a fine 

powder in liquid nitrogen using a mortar and pestle and homogenized in the supplemented NIB. 
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The homogenate was filtered and divided into four 50 mL Falcon tubes. Nuclei were pelleted by 

centrifugation at 2,786 g for 20 minutes at 4°C. Pellets were gently resuspended in 200 µL ice-

cold NIB using a paintbrush and combined into a single 50 mL Falcon tube. The nuclei were 

washed four additional times with 40 mL supplemented NIB. After the final wash, nuclei were 

resuspended in 20 mL of 1× homogenization buffer (HB) containing 1% (w/v) 

polyvinylpyrrolidone (PVP40), followed by centrifugation. The final pellet was gently 

resuspended in 3 mL of 1× HB + PVP using minimal pipetting and a wide-bore tip. 

The nuclei suspension was divided into six 15-mL Falcon tubes (~500 µL per tube), and 

nuclei were pelleted by centrifugation at 2,450 g for 10 minutes at 4°C. Each pellet was 

resuspended in 3.6 mL lysis buffer (100 mM Tris-HCl pH 9.0, 25 mM Na₂EDTA, 138 mM NaCl, 

1% PVP40, 0.3 mg/mL proteinase K, 1% sodium lauryl sarcosine) and incubated at 50°C with 

gentle agitation for 75–90 minutes, with manual inversion every 10 minutes. Following lysis, 

1.4 mL 5M NaCl was added (final concentration 1.5 M), and samples were gently mixed and 

centrifuged at 2,755 g for 15 minutes at 4°C to pellet the debris. The gDNA-containing 

supernatants were transferred to new tubes, and the DNA was precipitated by adding 2.5 volumes 

cold absolute ethanol (~11 mL). Tubes were gently rocked  for 1-2 min until DNA strands were 

visible, followed by mixing on a HulaMixer (ThermoFisher Scientific, Waltham, MA, USA) for 

an additional 10 minutes. The DNA was pelleted by centrifugation at 4,260 g for 15 minutes at 

4°C. The DNA pellets were washed with 10 mL cold 70% ethanol, mixed again on the HulaMixer 

for ten minutes, centrifuged, and air-dried horizontally in a laminar flow hood for 30 minutes. Any 

residual ethanol was carefully removed with a long-stem swab. A total of 200 µL “low-TE” buffer 

(10 mM Tris, 0.1 mM EDTA, pH 8.0) was added to each tube, mixed by gently flicking the tubes 

and stored at 4°C for 2–4 days to allow complete resuspension of the HMW gDNA before 
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quantification using the Quant-iT™ PicoGreen® dsDNA assay kit (ThermoFisher Scientific, 

Burlington, ON, Canada). 

DNA quality was assessed by pulsed-field gel electrophoresis (PFGE). DNA samples were 

loaded on a 1% UltraPure™ agarose gel (ThermoFisher Scientific) in 0.5× TBE buffer and 

resolved on a CHEF DR-II electrophoresis system (Bio-Rad, Mississauga, Ontario, Canada) at 

6 V/cm with a pulse time from 5 to 15 seconds over 16 hours at 12.5°C. Lambda PFG Ladder and 

Midrange PFG Marker (New England Biolabs, Ipswich, MA, USA) were used as molecular size 

standards. 

2.5.3 Sequencing 

Multiple library types were constructed depending on the species: (1) Oxford Nanopore 

Technologies (ONT) long-read, (2) PacBio SMRTbell, (3) Illumina short-read, (4) Hi-C and (5) 

Omni-C. Libraries were sequenced on the corresponding platforms to achieve the following 

coverages: 21–63x for ONT, 3–6x for PacBio HiFi, 10–23x for Illumina short reads, 10–40x for 

Hi-C, and 9–23x for Omni-C (Appendix 2). 

2.5.3.1 Oxford Nanopore Technologies (ONT) 

ONT 1D ligation libraries were prepared using the LSK109 kit, following the manufacturer's 

protocol with minor modifications to maximize retention of ultra-long DNA fragments. The HMW 

gDNA was size-selected using a BluePippin system (Sage Science, MA, USA) with the high-pass 

protocol to enrich for fragments larger than 30 kb. Following size selection, magnetic bead 

purification was used to clean and concentrate the DNA. The concentrations were determined 

using a Qubit 2.0 Fluorometer (ThermoFisher Scientific, Burlington, ON, Canada), and integrity 

was assessed using a TapeStation 2200 system (Agilent Technologies, Mississauga, ON, Canada). 

The samples were stored at 4°C until library preparation. For each library, 1.2–1.5 µg of end-
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repaired, size-selected HMW gDNA was used. Sequencing was performed on a PromethION 

(Oxford Nanopore Technologies, Oxford, UK) using R9 flow cells with high accuracy base 

calling. 

2.5.3.2  acBio HiFi 

For PacBio sequencing, HMW gDNA was sent to the Centre d’expertise et de services Génome 

Québec (Montréal, QC, Canada). PacBio gDNA libraries were prepared following the Pacific 

Biosciences SMRTbell® prep kit 3.0 protocol for whole genome and metagenome library 

construction. The HMW gDNA was sheared using the Diagenode Megaruptor 3 instrument 

(Diagenode Inc., Denville, NJ, USA). DNA damage repair, end repair, and SMRTbell adapter 

ligation steps were performed according to the manufacturer’s instructions with SMRTbell 

Template Prep Kit 3.0 reagents (Pacific Biosciences). Libraries were size-selected using a diluted 

AMPure PB bead protocol. Sequencing primers (version 3.2) were annealed to the libraries, and 

the Sequel II 2.2 polymerase was bound to the templates. Libraries were cleaned using SMRTbell 

cleanup beads following the SMRTlink v11 calculator protocol. Sequencing was performed on a 

PacBio Sequel II instrument at a loading concentration of 80 pM using the adaptive loading 

protocol, Sequel II Sequencing Kit 2.0, SMRT Cell 8M, with a 2-hour pre-extension time and a 

30-hour movie collection time. 

2.5.3.3 Illumina short reads 

HMW gDNA at 50ng/µl was sent to the Centre d’expertise et de services Génome Québec 

(Montréal, QC, Canada). Libraries were prepared from 700 ng gDNA using the TruSeq DNA PCR-

Free Library Preparation Kit (Lucigen, Wisconson, USA), following the manufacturer’s 

recommended protocol. Library quantification was performed using the KAPA Library 

Quantification Kit—Complete (Universal) (Kapa Biosystems). The average fragment size of each 
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library was determined using the Agilent 5300 Fragment Analyzer. Libraries were normalized, 

pooled, and denatured in 0.02 N NaOH, then neutralized with HT1 buffer. The pooled libraries 

were loaded at 400 pM onto an Illumina NovaSeq 6000 S4 flow cell using the Xp workflow 

according to the manufacturer's instructions. Sequencing was conducted in paired-end mode (2 × 

150 bp cycles). A 1% PhiX control library served as internal quality control. Base calling and 

demultiplexing were performed using BCL Convert version 4.2.4, generating high-quality FASTQ 

files for downstream analysis. 

2.5.3.4 Hi-C 

Hi-C libraries were prepared following the protocol described by Padmarasu et al. (2019). Fresh 

young leaf tissue was crosslinked with formaldehyde, and chromatin was digested using the 

restriction enzyme DpnII. The restricted DNA was blunt-end repaired and proximity ligation was 

performed, incorporating biotinylated nucleotides to enrich for ligation junctions. The resulting 

DNA was purified and used for library construction following the Illumina DNA Prep protocol 

(https://support-

docs.illumina.com/LP/IlluminaDNAPrep/Content/LP/FrontPages/IlluminaDNAPrep.htm). 

Libraries were sent to the Centre d’expertise et de services Génome Québec (Montréal, QC, 

Canada) for sequencing. 

At the sequencing center, libraries were indexed using TruSeq LT single indices (Illumina), 

PCR amplified and quantified using the KAPA Library Quantification Kit—Complete (Universal) 

(Kapa Biosystems), and average fragment size was confirmed on an Agilent 5300 Fragment 

Analyzer. Libraries were normalized, pooled (3–4 libraries per pool), denatured in 0.02 N NaOH, 

and neutralized using a pre-load buffer. The pooled libraries were loaded at 200 pM onto an 

https://support-docs.illumina.com/LP/IlluminaDNAPrep/Content/LP/FrontPages/IlluminaDNAPrep.htm
https://support-docs.illumina.com/LP/IlluminaDNAPrep/Content/LP/FrontPages/IlluminaDNAPrep.htm
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Illumina NovaSeq 6000 S4 flow cells. Sequence and processing were as described for Illumina 

short reads above. 

2.5.3.5 Omni-C 

Young leaf tissue was harvested from seedlings at the 2–4 leaf stage, following a dark treatment 

of approximately 72 hours. A total of 300 mg of fresh leaf tissue was collected and immediately 

frozen in liquid nitrogen. Omni-C libraries were prepared using the Dovetail® Omni-C® Kit 

(Cantata Bio, Scotts Valley, CA, USA), following the manufacturer’s user guide with plant-

specific modifications. To obtain a good fragment size distribution, the Nuclease Enzyme Mix 

(Nucl C) was further diluted 2-4 folds relative to the standard Nucl C working concentration. Final 

Omni-C libraries were quantified using the Qubit™ dsDNA High Sensitivity Assay Kit 

(ThermoFisher Scientific), and fragment size distributions were assessed using a TapeStation 4200 

system with High Sensitivity D5000 ScreenTape (Agilent Technologies). Libraries were 

sequenced at the Centre d’expertise et de services Génome Québec (Montréal, QC, Canada) using 

the same Illumina protocol described for Hi-C libraries above, including indexing, PCR 

amplification, quantification, and fragment-size assessment. Sequencing was performed on an 

Illumina NovaSeq 6000 S4 flow cell in 2 × 150 bp paired-end mode across two lanes: Lane 1 

included libraries for Ae. geniculata, Ae. juvenalis, and Ae. vavilovii; Lane 2 included libraries for 

Ae. crassa subsp. crassa (6x), Ae. vavilovii, and Ae. neglecta subsp. recta. A 1% PhiX library was 

used as sequencing control, and raw data processing was performed as described for Hi-C libraries. 

2.5.4 Genome assembly 

ONT long reads were assembled using the SMARTdenovo v1.0.0 (Liu et al., 2021) for all 

accessions except for Ae. crassa ssp. crassa (4x), Ae. columnaris, and Ae. triuncialis, which were 

assembled with hifiasm v0.19.8 (Cheng et al., 2021) due to suboptimal assemblies with 
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SMARTdenovo. Initial draft assemblies were first polished with PacBio long reads using Inspector 

v1.0.1 (Chen et al., 2021), followed by a second round of polishing with Illumina short reads using 

HyPo v1.0.3 (Kundu et al., 2019). Hi-C data were used to scaffold the polished assemblies with 

YaHS v1.2.2 (Zhou et al., 2022). Upon Hi-C scaffolding, assemblies of Ae. geniculata, Ae. 

vavilovii, Ae. crassa subsp. crassa (6x), Ae. juvenalis, and Ae. neglecta subsp. recta were more 

fragmented than the other 13; hence, Omni-C data were generated for these species, and 

scaffolding was performed with the HapHiC v1.0.6 (Zeng et al., 2024). Following scaffolding and 

contamination check for chloroplast and mitochondria sequences, all assemblies were further  

screened for potential contamination as part of the NCBI genome submission process, and any 

identified contaminant sequences were removed prior to final submission. Assembly completeness 

and quality were assessed using BUSCO v5.2.2 (Manni et al., 2021), with the embryophyta_odb10 

database comprising 1,614 conserved single-copy orthologs. LTR assembly quality was 

additionally assessed using the LTR Assembly Index (LAI) (Ou et al., 2018). LAI scores were 

calculated using the corresponding genome assembly, EDTA-identified intact LTR 

retrotransposon list, and EDTA transposable element annotation file as inputs. 

2.5.5 Gene annotation 

Ab initio gene prediction of all Aegilops genome assemblies was performed using Helixer v0.3.5, 

a deep learning-based tool for gene identification, using the land_plant lineage model with a peak 

threshold of 0.9 (Stiehler et al., 2020). Predicted gene models were subsequently classified into 

high-confidence (HC) and low-confidence (LC) categories based on sequence homology to curated 

protein databases. All predicted gene models were compared against UniPoa (Poaceae database of 

annotated proteins from the UniProt database), the UniMag database (validated Magnoliophyta 

proteins from SwissProt) (Boeckmann et al., 2003), and PTREP (a database of hypothetical 
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proteins derived from the non-redundant set of transposable elements in TREP [Triticeae Repeat 

Sequence]) (Wicker et al., 2002). Sequence homology to each database was determined using 

BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with e-value < 10e-5. Classification into HC 

and LC gene categories was based on the best hit obtained using the following criteria: (i) 

alignments with at least 95% overlap between query and subject sequences for UniPoa and 

UniMag, and (ii) alignments with at least 95% query coverage for PTREP. Gene models were 

classified as HC if they had a significant hit in UniPoa and/or UniMag and were not present in 

PTREP. Gene models that did not meet these criteria were designated as LC. 

2.5.6 Orthogroup inference and pangenome analysis 

Protein sequences derived from the predicted gene models of all 25 Aegilops species were used 

for orthogroup inference using OrthoFinder v3.1.0 (Emms and Kelly, 2019). Orthogroups were 

defined as sets of genes descended from a single gene in the last common ancestor. Based on their 

distribution across species, orthogroups were classified into three categories: (i) core orthogroups, 

present in all 25 species; (ii) dispensable orthogroups, present in two or more but not all species; 

and (iii) species-specific orthogroups, present in only one species. Corresponding genes within 

each category were assigned based on their inclusion in these orthogroups. 

2.5.7 Phylogenetic tree construction and divergence time estimation 

Phylogenetic relationships were inferred from single-copy orthologs identified using OrthoFinder 

v3.1.0 (Emms and Kelly, 2019). For polyploid species, subgenomes were separated and analyzed 

as independent entries. The dataset comprised 36 Aegilops genomes and subgenomes generated in 

this study, along with 27 previously published Aegilops and Triticum genomes/subgenomes. The 

outgroup species Hordeum vulgare (Beier et al., 2017), Thinopyrum elongatum (Wang et al., 

2020), and Brachypodium distachyon (Vogel et al., 2010), were included to root the phylogenetic 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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tree. These species were chosen based on their evolutionary relationships with the Triticeae 

lineage. Aegilops species belong to the tribe Triticeae within the grass family Poaceae, and 

Hordeum vulgare (barley) and Thinopyrum elongatum (tall wheatgrass) are closely related 

Triticeae species that diverged from the Triticum–Aegilops lineage after their common ancestor. 

Therefore, they provide an appropriate phylogenetic reference for rooting relationships within 

Triticeae while remaining sufficiently divergent to avoid being placed within the ingroup. 

Brachypodium distachyon, belonging to the more distantly related tribe Brachypodieae, was 

included as an additional outgroup to provide an external reference for rooting the phylogeny and 

polarizing evolutionary relationships. Reference genome assemblies for the previously published 

Triticum/Aegilops species were T. urartu (Ling et al., 2018), T. monococcum TA10622 and TA299 

(Ahmed et al., 2023), A and B subgenomes of T. turgidum (Zhu et al., 2019), A and G subgenomes 

of T. timopheevii (Grewal et al., 2024), A, B and D subgenomes of T.  aestivum (IWGSC, 2021), 

Ae. tauschii (Wang et al., 2021), Ae. speltoides (Yang et al., 2023), Ae. sharonensis, Ae. 

longissima, Ae. speltoides (Avni et al., 2022), Ae. speltoides, Ae. bicornis, Ae. longissima, Ae. 

searsii, Ae. sharonensis (Li et al., 2022), Ae. mutica (Grewal et al., 2025), Ae. comosa (Li et al., 

2024), Ae. umbellulata (Abrouk et al., 2023), Ae. comosa, Ae. umbellulata, Ae. markgrafii and Ae. 

uniaristata (Khadka et al. 2026, unpublished). Because of the large size and diversity of this 66 

genome dataset, no strict set of universal single-copy orthologs was initially identified. To address 

this, orthologous groups were defined as follows: single-copy genes must be present in at least 

80% of the genomes, while allowing the remaining 20% of genomes to contain multiple copies. In 

the latter cases, only the longest isoform was retained for analysis. This approach yielded a final 

set of 773 near single-copy orthologs. Protein sequences from each orthologous group were 

aligned using MAFFT v7.525 (Katoh and Standley, 2013), and the resulting alignments were back-
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translated to coding sequences (CDSs) with PAL2NAL (Suyama et al., 2006). Finally, conserved 

regions of each CDS alignment were extracted using Gblocks v0.91b (Castresana, 2000). 

For phylogenetic inference, the filtered CDS alignments were concatenated into a single 

supermatrix using PhyKIT (https://jlsteenwyk.com/PhyKIT/usage/index.html#create-

concatenation-matrix). Phylogenetic trees were constructed using the maximum-likelihood 

method implemented in RAxML-NG v1.2.2 (Kozlov et al., 2019) with the GTR+I+GAMMA 

model and 1000 bootstrap replicates. 

Divergence times were estimated using a relaxed molecular clock implemented in 

MCMCTree from the PAML v4.10.9 package (Dos Reis and Yang, 2019), using the correlated 

rate model (clock = 3) and the HKY85 substitution model. Because evolutionary rates differ across 

codon positions, the concatenated supermatrix was partitioned by codon position, treating the first, 

second, and third positions as independent partitions. The MCMC analysis was run for 10,000,000 

iterations following a burn-in of 3,000,000 iterations. Convergence was assessed by verifying that 

the effective sample size (ESS) for all parameters exceeded 200. Date calibrations were applied to 

major nodes based on previously published estimates: (i) the divergence between Brachypodium 

distachyon and the Triticum/Aegilops lineage (mean 44.4 ± 3.53 MYA) (Marcussen et al., 2014), 

(ii) the divergence between Hordeum vulgare (barley) and Triticum/Aegilops (~13 MYA) (Gaut, 

2002), and (iii) the divergence between the A- and B-genome lineages of wheat and Aegilops (~7 

MYA) (Marcussen et al., 2014). For each dataset, two independent MCMC runs were performed 

to confirm consistency and convergence of the posterior estimates. Tree topologies were visualized 

using FigTree v1.4.4 (https://github.com/rambaut/figtree). 

https://jlsteenwyk.com/PhyKIT/usage/index.html#create-concatenation-matrix
https://jlsteenwyk.com/PhyKIT/usage/index.html#create-concatenation-matrix
https://github.com/rambaut/figtree
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2.5.8 Identification of structural variation 

Previously generated diploid Aegilops genome assemblies for Ae. comosa, Ae. umbellulata, Ae. 

markgrafii, Ae. uniaristata (Khadka et al. 2026, unpublished), Ae. speltoides (Avni et al., 2022) 

and Ae. tauschii (Wang et al., 2021) were used as reference genomes for structural variation (SV) 

analysis. For each polyploid genome, the corresponding diploid progenitor genomes served as 

references. Subgenomes within the polyploid assemblies were assigned based on gene collinearity 

with their respective diploid progenitor genomes. Coding sequences from the diploid progenitor 

assemblies were mapped to the polyploid assemblies using GMAP (Wu and Watanabe, 2005) with 

minimum identity and coverage thresholds of 70%. Gene collinearity information was processed 

with a custom Perl script to assign scaffolds to their corresponding subgenomes. The seven largest 

scaffolds from each subgenome were selected for SV analyses. Scaffolds were renamed based on 

synteny with the assigned reference genome and standardized to match the chromosome naming 

of the diploid progenitor species. Pairwise whole-genome alignments between subgenomes and 

their respective diploid progenitors were performed using MUMmer v3.23 with the parameters --

maxmatch -l 500 (Marçais et al., 2018). The alignment output was processed with the command 

line show-coords -THrd to generate coordinate files, which were then used as input for SV 

detection using the SyRI v1.7.0 (Goel et al., 2019) pipeline with default settings. All SVs > 50 bp 

were tallied. Visualization of SV plots was performed using the plotsr tool v1.1.1 (Goel and 

Schneeberger, 2022). 

2.5.9 Transposable element identification and LTR analysis 

Transposable elements (TEs) were annotated using the Extensive de novo TE Annotator (EDTA) 

v2.2.2 pipeline, which performs genome-wide de novo identification and classification of 

repetitive sequences (Ou et al., 2019). LTR retrotransposons identified by EDTA were further 
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classified into lineages using TEsorter v1.4.7 (Zhang et al., 2022) with the rexdb-plant database 

(Neumann et al., 2019) and the 70-30-80 rule, assigning elements to specific superfamilies and 

lineages based on conserved protein domains detected through HMM-based searches. Insertion 

times of intact LTR retrotransposons were estimated from the divergence between their 5′ and 3′ 

LTR sequences, as implemented in EDTA, assuming a substitution rate of 1.3 × 10⁻⁸ substitutions 

per site per year, following estimates from rice (Ou et al., 2019). To ensure methodological 

consistency across all genomes included in the comparative analyses, transposable elements were 

re-annotated in all previously published genomes using the same EDTA pipeline and parameters 

applied to the newly assembled genomes in this study. Likewise, LTR lineage classification and 

insertion age estimation were performed using the same TEsorter and EDTA workflows for all 

genomes, minimizing methodological differences and enabling direct comparisons of TE 

composition and evolutionary dynamics across species. 

2.5.10 Flow cytometry 

Leaf tissue samples were collected from each of the Aegilops species at the 3-5 leaf stage and each 

of the size standard plants, namely pea (Pisum sativum) for diploid, rye (Secale cereale) and corn 

(Zea mays) for tetraploid and faba bean (Vicia faba) for hexaploid species. To ensure optimal 

preservation, the samples were stored in damp paper towels on ice until they were processed on 

the same day. Leaf pieces (~5 mm) of the sample and standard were chopped together with a razor 

blade in 750 µl cold lysis buffer LB01 (15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine 

tetrahydrochloride, 80 mM KCl, 20 mM NaCl, 0.1% (v/v) Triton X-100, 15 mM β-

mercaptoethanol) in a petri dish. Samples were filtered into glass test tubes through a 30 µm nylon 

mesh filter to which 50 µl of RNase (1 mg/mL) was added. The samples were then stained for 30 

minutes in the dark with 250 µl propidium iodide (100 µg/mL in Galbraith buffer: 45 mM MgCl2, 
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20 mM MOPS, 30 mM sodium citrate, 0.1% (v/v) Triton X-100). Three replicates of each Aegilops 

species were run at low speed on three different days on a Gallios flow cytometer (Beckman 

Coulter, Mississauga, ON, Canada) using the procedure described in Martin et al. (2017). The 

DNA content of samples was estimated using a fluorescence 585/42 nm detector. All characteristic 

of the fluorescence area peaks from the flow cytometer List Mode Data (LMD) files, including the 

mean, coefficient of variation and nuclei counts were processed on R Studio using the flowPloidy 

package (Smith et al., 2018). 

2.5.11 Data availability 

All 18 genome assemblies generated in this study have been deposited at the National Center for 

Biotechnology Information under BioProject PRJNA1449007. Accession numbers are as follows: 

Ae. sharonensis (JCAHDG000000000), Ae. longissima (JCAHDH000000000), Ae. bicornis 

(JCAHDI000000000), Ae. searsii (JBXSOC000000000), Ae. neglecta subsp. neglecta 

(JBXSOD000000000), Ae. cylindrica (JBXSOE000000000), Ae. ventricosa 

(JBXSQR000000000), Ae. triuncialis (JBXSQS000000000), Ae. peregrina 

(JBXSQT000000000), Ae. kotschyi (JBXSQU000000000), Ae. geniculata (JBXSQV000000000), 

Ae. crassa subsp. crassa (4x) (JBXSQW000000000), Ae. columnaris (JBXSQX000000000), Ae. 

biuncialis (JBXSQY000000000), Ae. vavilovii (JBXUDD000000000), Ae. crassa subsp. crassa 

(6x) (JBXUOA000000000), Ae. juvenalis (JBXUOB000000000), and Ae. neglecta subsp. recta 

(JBXUOC000000000). ONT and PacBio HiFi long read and Illumina short read sequencing data 

are being deposited in the NCBI Sequence Read Archive (SRA) under the above-mentioned 

associated BioProject accessions along with the Illumina short read data generated from the Hi-C 

and Omni-C libraries. Gene annotations are also being deposited within the same BioProject 

records. 
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2.5.12 Code availability 

All computational analyses were performed using established bioinformatics tools, with software 

versions, parameters, and analytical procedures documented in the Methods section to facilitate 

reproducibility. Detailed sample information and accession records are provided in Appendix 1. 
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 Chapter 3 

General discussion 

The transition from early agriculture to modern crop production has been driven by continuous 

efforts to enhance yield, adaptability, and resilience in staple crops (Fuller et al., 2023; Pingali, 

2012). Among these, bread wheat (Triticum aestivum) is one of the most widely cultivated crops 

globally and plays a central role in ensuring food security for a growing population (Shewry and 

Hey, 2015). However, the processes of polyploidization, domestication, and intensive breeding 

that have underpinned its success have also led to a reduction in genetic diversity limiting the 

capacity of modern wheat to respond to rapidly changing environmental conditions, including 

climate change, emerging pathogens, and abiotic stresses (Cavanagh et al., 2013; Charmet, 2011; 

Dubcovsky and Dvorak, 2007). 

To address these limitations, increasing attention has been directed toward crop wild 

relatives as reservoirs of untapped genetic variation. Species within the genus Aegilops, which are 

closely related to wheat and have contributed directly to its evolutionary history, represent a 

valuable genetic resource (Schneider et al., 2008). These species harbor extensive genomic 

diversity that remains largely underexplored, despite their potential to provide beneficial alleles 

for traits such as stress tolerance, disease resistance, and environmental adaptability (Ahmadi et 

al., 2020; Bansal et al., 2017; Masoomi-Aladizgeh et al., 2015; Pradhan et al., 2012). 

Understanding the genomic architecture and evolutionary relationships among Aegilops species 

can be leveraged not only for elucidating patterns of genome evolution but also for facilitating 

their effective utilization in wheat improvement programs. 
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The evolutionary history of wheat is characterized by multiple hybridization and 

polyploidization events involving distinct diploid progenitors, resulting in the formation of 

tetraploid and hexaploid lineages (Marcussen et al., 2014; Salamini et al., 2002). While 

polyploidization enables the combination of diverse germplasm, it also triggers extensive genomic 

reorganization, including structural variation, chromosomal rearrangements and the activation and 

proliferation of transposable elements (Soltis et al., 2015; Vicient and Casacuberta, 2017). These 

processes collectively shape genome structure and function, yet their relative contributions and 

evolutionary dynamics remain incompletely understood, particularly across diverse wild relatives 

such as Aegilops. 

Recent advances in long-read sequencing technologies, combined with chromosome 

conformation capture approaches such as Hi-C and Omni-C, have enabled the generation of highly 

contiguous, chromosome-scale genome assemblies for complex plant genomes (Cetin and Sefer, 

2025; Guiglielmoni, 2025; Pucker et al., 2022). These developments provide an unprecedented 

opportunity to investigate genome organization, evolutionary relationships, and structural 

variation at high resolution, particularly in large and repeat-rich genomes where repeats constitute 

a substantial proportion of genomes. 

In this context, the present study established a comprehensive genomic framework for 

multiple diploid and polyploid Aegilops species to investigate patterns of genome evolution across 

ploidy levels. By integrating high-quality genome assemblies, gene annotation, phylogenetic 

analyses, divergence time estimation, and analyses of structural variation and transposable 

elements, this thesis delivers a multidimensional understanding of genome diversification in wild 

wheat relatives. Importantly, the inclusion of both polyploid genomes and their corresponding 
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diploid progenitors creates a comparative framework to disentangle ancestral genomic features 

from changes that have occurred following polyploidization. 

Specifically, this study addressed the following objectives: 

• Generating and refining high-quality genome assemblies and gene annotations for a 

diverse set of Aegilops species using long-read sequencing and chromatin interaction data, 

thereby expanding genomic resources and enabling high-resolution comparative analyses. 

• Reconstructing phylogenetic relationships and estimating divergence times among 

Aegilops species to resolve their evolutionary history and provide a temporal framework 

for genome diversification. 

• Investigating patterns of structural variation and assessing syntenic relationships between 

polyploid subgenomes and their diploid progenitors to evaluate genome conservation and 

divergence following polyploidization. 

• Characterizing the composition, abundance, and evolutionary dynamics of transposable 

elements, with a particular emphasis on LTR retrotransposons, and exploring their 

contribution to genome expansion and variation across diploid and polyploid genomes. 

Together, these analyses provide an integrated perspective on genome evolution across 

Aegilops species, linking genome structure, evolutionary history, and sequence dynamics. The 

genomic resources and insights described in this thesis enhance our understanding of polyploid 

genome evolution and lay a foundation for the effective utilization of Aegilops genetic diversity in 

wheat improvement. 
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3.1 Genome resources for comparative and evolutionary genomics in Aegilops 

A major outcome of this study is the generation of high-quality, near chromosome-scale genome 

assemblies and corresponding annotations for multiple Aegilops species. Despite their importance 

as key contributors to wheat evolution and reservoirs of genetic diversity, genome assemblies of 

polyploid Aegilops species have not been produced, with the exception of Ae. ventricosa which 

has relatively well-developed genomic resources (Liu et al., 2025). Thus, the assemblies generated 

in this study expand the genomic resources available for wild wheat relatives and complete the 

production of genome assemblies for all 25 Aegilops species. The improved contiguity and 

structural resolution of these assemblies enabled more accurate characterization of repetitive and 

structurally complex genomic regions, which are often poorly resolved, particularly in large grass 

genomes rich in transposable elements. 

In addition, gene annotations provide a robust basis for comparative genomic analyses, 

enabling assessment of gene content and conservation across species. Collectively, these resources 

enable downstream analyses of genome evolution and provide a foundation for investigating 

phylogenetic relationships, structural variation, and transposable element dynamics in Aegilops. 

3.2  hylogenetic insights into Aegilops genome evolution and polyploid origins 

Phylogenetic analyses of Aegilops species provided a clearer understanding of their evolutionary 

relationships and genomic affinities across diploid and polyploid lineages. The use of genome-

wide data revealed well-resolved relationships among species, improving upon previous studies 

that were often limited by sparse molecular markers or partial genomic information (Huynh et al., 

2019; Petersen et al., 2006; Yamane and Kawahara, 2005). Overall, the inferred phylogeny mostly 

aligned with established genome classifications, supporting the current understanding of lineage 

relationships within the genus (Kilian et al., 2011; Van Slageren, 1994). There were, however, 
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some unexpected clustering patterns, indicating that several subgenomes, including multiple M 

subgenomes, do not fully correspond to their inferred diploid ancestry. These divergences may 

reflect post-polyploidization evolutionary processes such as differential transposable element 

expansion among subgenomes, homoeologous exchanges leading to sequence reshuffling between 

related chromosomes, and independent subgenome-specific evolutionary trajectories following 

polyploid formation. Such processes can progressively obscure the signal of the extant diploid 

progenitors and result in subgenomes that cluster outside their expected ancestral lineages. 

Divergence time estimates provided a temporal perspective on species diversification 

within the phylogeny. Together, the phylogenetic and divergence time analyses constitute a refined 

evolutionary framework for Aegilops, which is essential for contextualizing patterns of structural 

variation and transposable element dynamics observed across diploid and polyploid genomes. 

3.3 Structural variation and genome remodeling during polyploid evolution 

Structural variation (SV) represents a major source of genomic diversity in plants, contributing to 

genome evolution through changes in gene order, copy number and chromosome structure, and 

playing a key role in adaptation and speciation (Gorkovskiy and Verstrepen, 2021; Lye and 

Purugganan, 2019; Saxena et al., 2014). Analysis of structural variation (SV) across Aegilops 

genomes revealed substantial genome divergence alongside overall conservation of synteny 

between polyploid subgenomes and their diploid progenitors. While many comparisons retained 

broad structural similarities, the presence of numerous insertions, deletions, duplications, and 

rearrangements highlights extensive genome remodeling following polyploidization. Importantly, 

patterns of structural variation were closely aligned with phylogenetic relationships. Subgenomes 

that clustered with their diploid progenitors showed higher degrees of synteny and more detectable 



74 
 

structural variants, whereas subgenomes that were phylogenetically more distant or grouped with 

alternative lineages were less syntenic and had fewer detectable SVs when compared to their 

progenitors. As such, the extent of detectable structural variation depends on the evolutionary 

relatedness between genomes and reflects lineage-specific patterns of divergence. Overall, 

structural variation in Aegilops is shaped by both ancestral divergence and post-polyploidization 

genome restructuring. This close correspondence between SV patterns and phylogenetic 

relationships underscores the importance of evolutionary context in interpreting genome structural 

variation. 

3.4 Role of transposable elements in shaping Aegilops genome evolution 

Transposable elements (TEs) are major drivers of genome evolution in plants, contributing to 

genome size expansion, structural variation, and regulatory innovation (Bennetzen and Wang, 

2014; Wicker et al., 2018). In grass genomes, including wheat and its wild relatives, TEs constitute 

the largest genomic fraction and play a central role in shaping genome architecture over 

evolutionary time (Wicker et al., 2018). In this study, genome-wide TE analyses revealed that 

Aegilops genomes are highly TE-rich, with Gypsy and Copia LTR retrotransposons being the 

predominant components, consistent with other species of the Triticum/Aegilops complex (Avni 

et al., 2022; Li et al., 2022; Liu et al., 2025; Wicker et al., 2018). 

Comparisons between polyploid subgenomes and diploid progenitors revealed largely 

conserved LTR landscapes, but subgenome-specific differences were observed in certain TE 

families, indicating that TE dynamics are partly inherited, but are also shaped by post-polyploid 

evolutionary processes. Subgenome-level analyses within species further indicated that while most 

LTR clades are homogenized, certain families display localized expansions or contractions, with 
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the Gypsy CRM lineage consistently showing subgenome-specific expansion, suggesting 

preferential activity or retention. 

LTR insertion time analyses determined TE evolutionary events, with Copia elements 

associated with more recent activity and Gypsy elements reflecting older amplification events. This 

pattern reflects differences in the accumulation and removal of TE families over time, as 

influenced by their activity and genome silencing processes (Senerchia et al., 2013). Overall, these 

findings highlight TEs as key contributors to genome diversification in Aegilops, influencing both 

genome expansion and subgenome differentiation following polyploidization. 

3.5 An evolutionary model of subgenome evolution following polyploidization 

One of the major outcomes of this study is the establishment of an integrated evolutionary 

framework describing the evolutionary paths of Aegilops subgenomes following polyploidization. 

By combining genome size comparisons, gene content analyses, phylogenetic relationships, 

structural variation, and transposable element dynamics across all 25 Aegilops species, it became 

evident that polyploid genome evolution did not follow a single uniform trajectory. Instead, 

subgenomes exhibited distinct evolutionary patterns shaped by different degrees of genome 

contraction, gene fractionation, structural rearrangement, and TE turnover. 

A pervasive pattern observed across nearly all polyploid species was genome downsizing 

relative to their diploid progenitors. Although polyploidization initially combines complete 

chromosome sets from multiple progenitors, long-term evolution of co-resident subgenomes was 

generally associated with their size reduction. This pattern is consistent with diploidization 

processes previously reported in wheat and other polyploid plants, where sequence elimination 

and genome restructuring progressively reduce redundant genomic content following whole-
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genome duplication (Eilam et al., 2008; Leitch and Bennett, 2004). Importantly, the extent of 

downsizing differed substantially among subgenomes, indicating lineage-specific evolutionary 

responses after polyploidization. 

Subgenome-level analyses revealed that reductions in genome size were frequently 

accompanied by reductions in gene content, indicating coordinated contraction of both genic and 

non-genic genomic components. The strongest effects were observed in the M subgenomes, which 

consistently showed extensive genome downsizing, substantial gene loss, high structural 

divergence, and pronounced TE variation relative to the diploid progenitor Ae. comosa. These 

patterns suggest that M subgenomes experienced extensive post-polyploidization remodeling and 

fractionation. Phylogenetic analyses further supported this interpretation, as several M 

subgenomes no longer clustered closely with their presumed diploid donor and instead grouped 

with co-resident subgenomes, indicating prolonged genomic interactions and evolutionary 

divergence. Together, these observations suggest that the M lineage followed one of the most 

dynamic evolutionary trajectories within Aegilops polyploids. 

The D subgenomes also displayed substantial evolutionary variability, although their 

patterns differed from those of the M lineage. Most D subgenomes exhibited reduced gene content 

relative to diploid Ae. tauschii, but several LTR lineages showed strong expansion. In particular, 

the Gypsy Reina lineage expanded consistently across all D subgenomes, suggesting shared D-

genome-specific LTR dynamics following polyploidization. Despite maintaining overall 

phylogenetic affinity with the Ae. tauschii progenitor species, the D subgenomes displayed 

considerable structural and LTR diversification, indicating that substantial genomic remodeling 

occurred even in lineages retaining clear donor relationships. 
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In contrast, the S and C subgenomes followed comparatively conservative evolutionary 

trajectories. Both genome groups retained genome sizes and gene contents broadly similar to their 

diploid progenitors while also showing relatively stable LTR landscapes. LTR composition in S 

subgenomes remained highly similar to diploid relatives, with comparatively limited evidence of 

large-scale LTR expansion or contraction. Similarly, the C subgenome of Ae. cylindrica remained 

highly conserved relative to diploid Ae. markgrafii. These patterns suggest that some subgenomes 

experienced relatively limited post-polyploid restructuring and retained greater ancestral genomic 

stability. This conservation may reflect differences in the evolutionary dynamics among 

subgenomes following polyploidization, where certain subgenomes may have experienced 

stronger selective constraints maintaining gene content and genome structure. In addition, reduced 

transposition activity or more efficient regulation of repetitive elements may have limited genome 

expansion and structural changes in these subgenomes. 

The U and N subgenomes exhibited intermediate evolutionary patterns compared to the 

above-described cases. Both displayed substantial variation in genome size, together with 

moderate lineage-specific variation in gene content and LTR abundance, including lineage-

specific expansions and contractions, rather than consistent directional trends. For example, CRM 

elements contracted in U subgenomes of Ae. biuncialis and Ae. geniculata, whereas other LTR 

lineages remained comparatively stable. These observations indicate that TE evolution following 

polyploidization is context dependent and differs among LTR lineages even within the same 

subgenomic background. 

TE analyses further revealed that different LTR lineages contributed unequally to genome 

evolution across subgenomes. Across all genomes, Angela represented the dominant Copia 
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lineage, whereas Retand and Athila were the predominant Gypsy elements, indicating that these 

lineages constitute the major components of the Aegilops repeat landscape. However, individual 

lineages followed distinct evolutionary trajectories after polyploidization. For example, Angela 

consistently contracted in most M subgenomes, whereas TAR showed localized expansion in 

several M lineages. CRM exhibited highly contrasting patterns among genomes, with contractions 

in certain U subgenomes but expansions in selected M and D subgenomes. These lineage-specific 

responses indicate that post-polyploid LTR evolution is shaped not only by subgenome identity 

but also by intrinsic differences among TE families in activity, retention, and removal. 

Temporal analyses of LTR insertions further suggest that TE superfamilies contributed 

differently across evolutionary timescales. Copia elements were generally associated with more 

recent activity, whereas Gypsy elements reflected older amplification events. Together with 

observed contractions in major TE families, these findings suggest that both TE amplification and 

TE removal contributed to genome remodeling after polyploidization. The association between 

strong TE turnover and extensive genome downsizing, particularly in M subgenomes, indicates 

that TE dynamics likely contributed to genome contraction alongside gene fractionation and 

structural rearrangements. 

Overall, the results support a model in which Aegilops subgenomes followed distinct 

evolutionary trajectories after polyploidization rather than converging toward a common genomic 

state. Some subgenomes, particularly S and C, remained comparatively conserved, whereas others, 

especially M and portions of the D lineage, underwent extensive restructuring characterized by 

genome downsizing, gene loss, structural variation, and dynamic TE turnover. These findings 

indicate that polyploid genome evolution in Aegilops is lineage dependent and shaped by complex 
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interactions among gene retention, structural variation, TE activity, and long-term subgenome 

coexistence. Although this framework provides a comprehensive model for interpreting lineage-

dependent patterns of subgenome evolution in Aegilops, it represents a hypothesis generated from 

comparative genomic observations rather than a formally tested evolutionary model. Future studies 

incorporating multiple accessions per species, broader taxonomic sampling, population-level 

variation, and functional analyses will be required to further evaluate the mechanisms underlying 

the differential evolutionary trajectories of Aegilops subgenomes. 

3.6 Limitations of the study 

Although this study provides a comprehensive comparative framework for understanding genome 

evolution across Aegilops species, several limitations should be considered when interpreting the 

evolutionary patterns identified. First, the comparative analyses were based primarily on a single 

accession per species, which limits the ability to distinguish evolutionary changes associated 

specifically with polyploidization from pre-existing variation among ancestral populations, donor 

lineage divergence, or accession-specific differences. Therefore, observed differences in genome 

size, gene content, structural variation, and transposable element composition should be 

interpreted as comparative patterns rather than definitive evidence of changes that occurred 

exclusively after polyploid formation. Future studies incorporating multiple accessions per species 

and population-level sampling will be essential to separate lineage-specific evolutionary changes 

from standing genetic variation. 

A second limitation concerns the inference of gene loss, genome contraction, and structural 

remodeling following polyploidization. Comparisons with a single extant diploid relative provide 

an approximation of ancestral genomic states but cannot fully capture the diversity of ancestral 
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genomes that contributed to polyploid formation. Differences between diploid and polyploid 

genomes may therefore reflect divergence between sampled lineages rather than direct 

consequences of polyploidization. Expanding analyses to include additional representatives of 

ancestral lineages, and branch-aware comparative methods will help better resolve the timing and 

direction of genomic changes. 

Differences in gene content and annotation completeness among genomes may also be influenced 

by technical factors, including assembly quality, annotation methodology, and the availability of 

transcriptomic evidence. While several previously published Aegilops genomes were annotated 

using transcriptomic and homology-based evidence, gene annotation in this study relied primarily 

on ab initio gene prediction. Consequently, some differences observed in comparative gene 

content analyses may reflect methodological variation in addition to biological differences. Future 

genome annotation efforts incorporating accession-matched transcriptome data, homology-based 

evidence, and functional validation will further improve annotation accuracy and facilitate more 

robust comparisons among Aegilops genomes. 

The interpretation of phylogenetic relationships also requires consideration of methodological 

limitations. Concatenated phylogenetic analyses provide a dominant evolutionary signal but may 

not fully resolve complex evolutionary histories involving incomplete lineage sorting, 

hybridization, or reticulate evolution. Future analyses incorporating gene-tree/species-tree 

approaches and explicit tests of gene-tree discordance will provide additional resolution of these 

evolutionary relationships. 

Interpretation of LTR insertion times requires caution because these estimates rely on a 

substitution rate constant, which may vary among species, genomic regions, and evolutionary 
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lineages. In addition, processes such as gene conversion between the two LTR copies can reduce 

sequence divergence and lead to underestimation of insertion times. Therefore, estimated LTR 

insertion times should be interpreted as approximate indicators of the relative timing of TE 

accumulation rather than precise dates of individual TE bursts or transpositional activity. 

Additional analyses incorporating multiple accessions, population-level variation, and 

complementary approaches for assessing TE dynamics will be required to better understand the 

mechanisms underlying repeat evolution. 

Together, these limitations highlight that the evolutionary framework proposed in this study 

represents a testable model based on comparative genomic patterns. Future investigations 

integrating broader sampling, population genomics, transcriptomic evidence, functional analyses, 

and complementary evolutionary approaches will be necessary to distinguish correlation from 

causation and to further elucidate the mechanisms shaping subgenome evolution following 

polyploidization. 

3.7 Future perspectives 

The genomic resources and comparative analyses generated in this study provide a strong 

foundation for advancing both fundamental and applied research in Aegilops and wheat evolution. 

However, several avenues remain to be explored to fully leverage these findings and further deepen 

our understanding of polyploid genome dynamics. 

One important direction is the functional characterization of genomic variation identified 

across Aegilops species. While this study highlights extensive structural variation, lineage-specific 

gene content differences, and transposable element dynamics, linking these genomic features to 

gene function and phenotypic traits remains a key challenge. Integrating transcriptomic, 
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epigenomic, proteomic, and phenotypic datasets will help identify structural variants and TE 

insertions that influence gene expression, regulatory networks, and traits associated with stress 

tolerance, adaptation, and agronomic performance. Such approaches will enable the prioritization 

of candidate genes and genomic regions for functional validation and provide a framework for 

translating evolutionary genomic discoveries into potential breeding applications. 

From an applied perspective, translating and leveraging genomic insights into practical 

breeding strategies remains a major goal. The importance of Aegilops species in wheat 

improvement is already well established through the successful transfer of numerous resistance 

genes conferring resistance against major pests and diseases. These include key genes for powdery 

mildew resistance such as Pm29 from Ae. geniculata (Zeller et al., 2002) and Pm57 from Ae. 

searsii (Liu et al., 2017), and stem rust resistance genes such as Sr47 (Ae. speltoides) (Klindworth 

et al., 2012) and Sr53 (Ae. geniculata) (Liu et al., 2011). In addition, Aegilops species have 

contributed important leaf rust resistance genes, including Lr9 (Ae. umbellulata) (Wang et al., 

2023) and Lr54 (Ae. kotschyi) (Marais et al., 2005), as well as stripe rust resistance gene Yr42 (Ae. 

neglecta) (Marais et al., 2009). They have also provided resistance to other important stresses, 

such as cyst nematode resistance (CreX, Ae. peregrina) (Barloy et al., 2007) and Hessian fly 

resistance (H30, Ae. triuncialis) (Martín-Sánchez et al., 2003). Traditionally, beneficial genes from 

wild relatives were transferred into wheat through interspecific hybridization followed by embryo 

rescue, chromosome doubling, and successive backcrossing, often combined with cytogenetic or 

molecular marker-based selection to retain the desired genomic segments. While effective, these 

approaches are frequently limited by sexual incompatibility barriers and the co-introduction of 

large linked genomic regions, resulting in linkage drag that can negatively affect agronomic 

performance (Dempewolf et al., 2012). Genome editing technologies such as CRISPR/Cas have 
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the potential to bypass several of these limitations by enabling targeted modification of specific 

genes identified in wild relatives, rather than transferring large chromosomal segments (Pan et al., 

2021; Wang and Doudna, 2023). This allows for more precise utilization of beneficial alleles and 

reduces the burden of linked undesirable traits. However, genome editing is not yet a fully 

comprehensive solution, as most current applications are limited to gene knockouts or targeted 

sequence modifications. Emerging approaches such as base editing and prime editing are 

beginning to expand this scope by enabling more precise nucleotide-level changes (Anzalone et 

al., 2019; Komor et al., 2016), offering increasing potential for the direct functional deployment 

of alleles discovered in wild species, providing the presence of a suitable ortholog target in wheat. 

Building on this, the genomic resources generated in this study—particularly the complete set of 

high-quality assemblies, gene annotations, structural variation catalogs, and TE landscapes across 

Aegilops species—provide a foundation for systematically identifying genomic regions underlying 

agronomically important traits. Integration of these resources with phenotypic datasets and wheat 

genomic resources will enable the discovery of candidate genes, functional alleles, and trait-

associated structural variants that can be developed into molecular markers for marker-assisted 

selection (MAS), genomic prediction, or targeted genome editing approaches. For example, 

lineage-specific genes or alleles associated with disease resistance, stress adaptation, or 

environmental resilience can be prioritized for functional validation and potential deployment in 

wheat improvement programs. Similarly, structural variants affecting gene dosage, regulation, or 

genomic architecture represent potential targets for further investigation as sources of beneficial 

variation. Together, these approaches will facilitate more precise utilization of Aegilops genetic 

diversity while reducing reliance on large chromosomal introgressions that often introduce 

undesirable linked regions. 
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Another promising avenue is the exploration of regulatory evolution following 

polyploidization. Polyploid genomes are known to undergo extensive regulatory reprogramming, 

including changes in gene expression dominance, subgenome bias, and epigenetic modifications. 

Future studies focusing on chromatin accessibility, DNA methylation, and histone modifications 

across subgenomes have the potential to elucidate the mechanisms underlying subgenome 

differentiation and stabilization. In particular, understanding transposable elements’ contributions 

to regulatory changes and genome plasticity is an obvious next step and will likely be the topic of 

further investigations. 

The expanded set of high-quality genome assemblies also enables more detailed analyses 

of population-level variation within Aegilops species. Incorporating multiple accessions per 

species will allow the construction of pangenomes, providing insights into core and dispensable 

genomic components and revealing the extent of intraspecific diversity. Such approaches will be 

critical for identifying rare or lineage-specific alleles that may have been overlooked in single-

reference genome studies. 

Finally, continued improvements in sequencing technologies and scaffolding approaches 

are predicted to improve the completeness and accuracy of genome assemblies, including the 

resolution of highly repetitive and structurally complex regions such as centromeres and telomeres. 

Gap-free, telomere-to-telomere assemblies across multiple Aegilops species will further enhance 

the resolution with which we can study genome organization and evolution. 

Overall, the integration of high-quality genomic resources with functional and applied 

studies will be essential for unlocking the full potential of Aegilops diversity. Such efforts will not 

only advance our understanding of polyploid genome evolution but also contribute to the 
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development of more resilient and adaptable wheat varieties in the face of global agricultural 

challenges. 

3.8 Conclusion 

This study provides a comprehensive genomic and evolutionary analysis of multiple diploid and 

polyploid Aegilops species, significantly expanding the available genomic resources for wild 

relatives of wheat. By generating high-quality, near chromosome-scale genome assemblies and 

corresponding gene annotation, this work establishes a robust framework for investigating genome 

structure, evolution, and diversity across the entire Aegilops genus. These resources addressed a 

major gap in the genomic characterization of Aegilops, particularly for polyploid species, and 

enabled high-resolution comparative analyses that were previously not feasible. 

Phylogenetic relationships and divergence time estimation offered a refined view of 

evolutionary relationships within Aegilops, largely supporting established genome classifications 

while also revealing deviations in subgenome affinities. These findings highlight the complexity 

of polyploid genome evolution, demonstrating that subgenomes do not always retain a simple or 

direct correspondence with their diploid progenitors. Instead, they reflect dynamic evolutionary 

trajectories shaped by both ancestral divergence and lineage-specific processes following 

polyploidization. 

Comparative analyses of structural variation revealed that, despite broad conservation of 

synteny between polyploid subgenomes and their diploid progenitors, Aegilops genomes have 

undergone extensive structural remodeling. The distribution of insertions, deletions, duplications, 

and rearrangements underscores the significant role of structural variation in genome 

diversification. Moreover, the strong correspondence between patterns of structural variation and 
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phylogenetic relationships emphasizes the importance of evolutionary context in interpreting 

genome-level differences. 

Transposable element analyses further revealed that Aegilops genomes are highly dynamic 

and dominated by LTR retrotransposons, particularly Gypsy and Copia elements. While overall 

TE landscapes are largely conserved between diploid and polyploid genomes, subgenome-specific 

differences and evidence of differential expansion highlight the role of TEs in shaping genome 

structure following polyploidization. Temporal patterns of LTR activity indicate distinct waves of 

TE amplification, contributing to genome expansion and diversification over evolutionary time. 

In summary, this study advances both the genomic resources and the conceptual 

understanding of polyploid genome evolution in the wild wheat relative species of the Aegilops 

genus. It highlights the dynamic nature of Aegilops genomes and underscores their potential as a 

rich reservoir of genetic variation for future wheat improvement. 
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Appendices 

Supplementary materials for Chapter 2 

Appendix 1 Description of the 18 Aegilops accessions from which genome assemblies were obtained, including the number of seedlings 

used to create the DNA pools. 

Species  enome  ccession Source1/ lias P R  No.5 N VP   O No.6  ntry7 No. seedlings 

                  h AE      K      9           9                5 

                l AE      K      9  5        9               5  

                AE  5   K      9           9  5            5  

               AE       K      9 5         9  8    9        9 

                                AE  9   K      9  9        9 9  9            

                    5    EK   5/ G   9 ;      9       9           9    8            8 

                  AE 5 8   K      9 5         9    9            

                     5    EK   5       9 5         9 99 8              

                   5    EK           9 5         9 98 8       5  

                AE      K      9           9 9              5 

                    5859 EK           9           9 95 8 8     5 5  

                                 AE 9    K      9  8        9    8 9        

                  AE      K      9           9 9  8          

                    58    EK  8        9  5        9 9  8 5         5 

                  AE 99   K      9           9    9       58 

                                  AE8   K      9  9        9    8 9          

                   AE 8    K      9           9  5 8 8     5  

                              AE  9   K      9 5         9    98         5 
  I K = L       I   t t   f     t G           C        t R      h      EKC =     E    K      C         (       t            -F    C     ) 2 CN =                  f        t G    R        C      

( GRC); 3              t          983 f        E     S    ; 4   k  w                 ;       t G    R        C                        f          q   t; 6 N       C          f V            t -

     t   t  f        t     Ott w  (C     )                 ; 7    h   (-)       t  th          f             f    fi         t           F    x         43- - -4       th t   t     43 w      f   

th             th        f 3      t               t  th  f   th            f    fi   
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Appendix 2 Sequence coverage (X) across technologies for 18 Aegilops species.  

Dashes (-) indicate species for which no Omni-C data were generated. 

Species  enome 
ONT  overage 

(X) 
Pac io  overage 

(X) 
Illumina  overage 

(X) 
 i-   overage 

(X) 
Omni-   overage 

(X) 

                  h    9        9        

                l                      

                 5     9    5  8     

                9                   

                                   8 5 5         8   

                   8 5   9  8 8    5   

                   8             8     

                      8        5    9   

                    9           8     

                   9   9         8   

                       5 8       5        

                                    9   5         9   

                         9  9 8    8   

                         8         5   

                   9 9      9             

                                     9                    

                    5   5         5   9   

                                   5 5  5        9 9 
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Appendix 3 Statistics of the 18 Aegilops genome assemblies. 

Species  enome  ssembly 

size 

( bp) 

No. of 

scaffolds 

Largest 

scaffold (Mbp) 

No. of 

scaffolds  

> 100 Mbp 

N50 (Mbp) N90 (Mbp)  US O% LTR 

 ssembly 

Index (L I) 

                  h 5 9       8                  8 99 5 17.9 

                l   5       8     8  8         98   16.2 

                5     9  85    9 5          99 5 20.2 

               5        8 5   8   9    9    99   20.2 

                                8  9   9 859          9       99   14.1 

                       5 9  88 9    5       9   99   11.9 

                  8  9     8            8  9  5 99 8 14.9 

                     8  585 89     5 5   9       99 8 24.5 

                 9     59 8 5 5  9 5 8         98 9 19.6 

                9  9   89 8   8             5 99   16.4 

                    9    9 8   9  5             99   15.2 

                                 8         8   9     9  8 85   99 8 17.5 

                  8      5  8        5         8 99   20.2 

                    89 9 5 8 9    9 588 8   5 8 99   11.5 

                     5      859          9       99 8 12.1 

                                          8 9   8        9     5 99   12.6 

                              888          8  9  8 99   13.1 

                                  5     8   9      5         99   11.8 
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Appendix 4 BUSCO assessment of genome assembly completeness for the analyzed Aegilops 

genomes using the embryophyta_odb10 database, which contains 1,614 core plant genes (n). 

Each bar represents the proportion of BUSCOs classified as complete (C)[single-copy (S) or 

duplicated (D)], fragmented (F), or missing (M). The numbers inside each segment of the bars 

indicate the count of BUSCO genes in each category, while the numbers on the right of each bar 

show the corresponding BUSCO completeness score as a percentage. Genome ploidy, indicated 

on the right as 2x, 4x, and 6x, corresponds to diploid, tetraploid, and hexaploid assemblies, 

respectively. The following species names were shortened: Ae. neglecta subsp. neglecta is shown 

as Ae. neglecta (4x); Ae. crassa subsp. crassa (4x) as Ae. crassa (4x); Ae. crassa subsp. crassa 

(6x) as Ae. crassa (6x); and Ae. neglecta subsp. recta as Ae. neglecta (6x). 

  

               

              

            

           

                 

              

              

               

             

            

              

               

              

              

             

             

                 

               

99 5

98  

99 5
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99  
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Appendix 5 Gene annotation summary for 18 Aegilops genome assemblies. 

Species  enome Predicted protein-

coding genes 

 igh confidence 

genes 

Low confidence 

genes 

 US O (%) 

                  h 5    5    588  8     9  8 

                l 5         8 5    8   8  5 

                58   9     9       8 95   

               59 8       8         95   

                                     5   9 8 8      9 9    

                  88        59  5  8   85   

                                        9  5 

                     9 85      9   9     98 9 

                 9  89  5  85         9  8 

                98  9              9 9    

                  9   59     9  55     9    

                                   9   8 59     9    8 98   

                       9  5  9   5  8   9  8 

                  88            5   5  8    

                   5      5      99     9    

                                        9      9 99  8  89   

                    5    9 5  8       9 8 9    

                                  9 8 55 9 5 9      9    
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Appendix 6 Summary of core, dispensable, and species-specific families and genes in all 25 Aegilops species. 

Species  ore orthogroup  ore gene 
 ispensable 

orthogroup 
 ispensable gene 

Species-specific 

orthogroup 

Species-specific 

gene 

           f    5 8 9  9               9     5   8 

                5 8 9  8 58      5          8  9  

                 5 8 9  9         8       9   8  9  

                  5 8 9  9 858     9       8      59 

            5 8 9     5          8          8  

              5 8 9    9    8 5    9            8  

            5 8 9    8      998    8 5 5 8       

                 5 8 9         8   9              

                5 8 9         8   8    58     9  

              5 8 9    8 5  8   5  5           

             5 8 9      9  8         5        

                              5 8 9  9   8  5 5   55      9 8  

                5 8 9             8    5 5     8 

                5 8 9  8          8 5  8    5     

                 5 8 9     8       9                

               5 8 9    58       8 5   9   9     

              5 8 9  9  85  5   8 5         8  

                5 8 9  8 889    899 5  88   8 8  

                               5 8 9     55  8     95           8 

                5 8 9  8 8      5      9    9     

                5 8 9         8   5         8      

               5 8 9 5    8    588 8       58     

                               5 8 9 5   9     9 8     89  9   9  

               5 8 9 55        8   85  95         

                           5 8 9 55 5 9  9             5      
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Appendix 7 Summary of synteny and structural variant (SV) counts identified in pairwise genome comparisons between polyploid 

Aegilops subgenomes and their respective diploid progenitors. 

Species-progenitor comparison Synteny Inversions Translocations  uplications Insertions  eletion 

Polyploid species 
 iploid species  enome  ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 

             
                

                
  

5  9     8     8     5                5                     

             
                

           
  

 9      5     8 5                  8      9     

                                        5        9                   5     8       

                          f                59             9 5   9                 58      

                                98             8                   5                     

                                              5        9       5 8       95         95     

                                             9        5          8          5               

                           f       555  8               8         9                           

                                                 9     9 9    5                             

                                      8     5 8       5         8     8             8       

                                     8           5   5 9     9    85      5            88   5 

                               h              8    5         9     9             88      

                             l     8    8            8 5        8              8       

                                  89  8 5     8       5      5       5                     

                               8            9 8    88                             89     

                                              8       59      8             5       8       

                  
            

             
  

  859 5 8 95  9 9         8   9                 8     

                  
            

           
  

                          85             8     

                                                        9        8        8      8 9     

                            5     8        9 9       9   5                   

                                              5        9           5             8       

                               9   8                5                         8     

                                8   5        8 5           5  5       55     8 5     

                                   5     5  9         5                  

                                 9     55 8                   5     9     
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Species-progenitor comparison Synteny Inversions Translocations  uplications Insertions  eletion 

Polyploid species 
 iploid species  enome  ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 
 ount  enome 

span % 

                  
            

             
  

   8        8         5           9                     

                  
            

             
  

   8     5  85         89                               

                  
            

           
  

           5              5      5           

                                    8                 5 9                58     

                                 8    5 9                               

                                  99     9        9   5 9 8    5  5  8                       

             
             

                
  

    5           8 5    9               5    58               

             
             

           
  

         9      8          5      55     9      

             
             

                
  

5   5  8                 8       5    5    85        88     
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Appendix 8 Size range of each SV type across subgenome-progenitor comparisons.  

The table reports the maximum and minimum SV lengths (bp) observed. 

Species-progenitor comparison Inversions Translocations  uplications Insertions  eletions 

Polyploid species  iploid species  enome      a       a       a       a       a  

                                               5               5       9      5         8 9 8 5  55      5  8      

                                           5      9     9  8        5 5       9 9 5    888     5     5   

                               99     9       55         5  5          9  5  8    9 5         

                          f      8    9   5            55      55     9    98 5  8      5      85  

                                         89     5    8    9 5   5   5   5      5 9 5       5 

                                   8           9               5     5 85  5      8  5   8     

                                             9                 5                 8 5   9     5    9 9   

                           f               9    5           55  9       9    89 85  5   9  5   5       8 

                                h 9       8      5    9   9   8 5          5 9 5          5   8  59  

                              l 989  8 5     5 5    8       5 5      8 5 99  5      9   5      99  

                                     8  89     5       8   5  5     5 9   5 5  9 8 5  5  5      5 9   

                               h        55 59    5 5             5         5   5          5       8 

                             l       9       5 5      9      5   5       5  58 9   5          

                                5          9 8 5 9          5 5    9 5    5  5          5  9    8 

                            5    5      9 8 5       8 5   5   9 5 89  5   88     5       9  

                                 559 55         5     8 8 89  5     8 9 588 5          5   5 9   

                                                 8   8         5 8     9   5           5          5     9 9 

                                               5      5   8  5   55  5  5           5  5   9 55  59     

                                         8 8    8           8                5  9  5     8   5            

                             9      9    5  5       9  5           5  8   9 5       8 

                                 5    9   8   5  5           5         5 5     9   5   5 9   

                            55    8     8 9 5 8   9     5     9     5     9    85 5      55 

                             9 8     9 8 8   5         8   5      9  99  5    9  5  5     5   

                           5 9           9 5 9 5  9   5      55        9 5  5 8 8 8 

                               5 9      9        9  8   8  9  9  9         8       9  

                                                 8    8 5 5 8 588   88  8   5 5 5       5   8      5          

                                                 8      8    8 55      8   5 8         5          5         

                                           5     5  58     5 5    9   5    5 95  5   55           

                                8  8   8      5     5     5   95  85 5         5     58  

                           58   5    9  8  5       5  5       9   5    8      85  

                                8         8 5   5 5    8    5  5    9      8  5   55     5       85 
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Species-progenitor comparison Inversions Translocations  uplications Insertions  eletions 

Polyploid species  iploid species  enome      a       a       a       a       a  

                                            9 8      8      588  5         5       9    9 5       58 5   5 9   

                                       5           89       9      5          5         5   5  8  

                                            85  89  8      5    5   5  59 5 8   9    88 5        8 5   59 9   
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Appendix 9 Structural variation between polyploid subgenomes and their respective diploid 

progenitors. 
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(A-AH) Whole-genome alignments illustrating structural variation between polyploid Aegilops 

subgenomes and their corresponding diploid progenitors: (A) U subgenome of Ae. neglecta subsp. 

neglecta vs. Ae. umbellulata; (B) M subgenome of Ae. neglecta subsp. neglecta vs. Ae. comosa; 

(C) D subgenome of Ae. cylindrica vs. Ae. tauschii; (D) C subgenome of Ae. cylindrica vs. Ae. 

markgrafii; (E) D subgenome of Ae. ventricosa vs. Ae. tauschii; (F) N subgenome of Ae. 

ventricosa vs. Ae. uniaristata; (G) U subgenome of Ae. triuncialis vs. Ae. umbellulata; (H) C 

subgenome of Ae. triuncialis vs. Ae. markgrafii; (I) S subgenome of Ae. peregrina vs. Ae. 

sharonensis; (J) S subgenome of Ae. peregrina vs. Ae. longissima; (K) U subgenome of Ae. 

peregrina vs. Ae. umbellulata; (L) S subgenome of Ae. kotschyi vs. Ae. sharonensis; (M) S 

subgenome of Ae. kotschyi vs. Ae. longissima; (N) U subgenome of Ae. kotschyi vs. Ae. 

umbellulata; (O) M subgenome of Ae. geniculata vs. Ae. comosa; (P) U subgenome of Ae. 

geniculata vs. Ae. umbellulata; (Q) D subgenome of Ae. crassa subsp. crassa (4x) vs. Ae. tauschii; 

(R) M subgenome of Ae. crassa subsp. crassa (4x) vs. Ae. comosa; (S) U subgenome of Ae. 

columnaris vs. Ae. umbellulata; (T) M subgenome of Ae. columnaris vs. Ae. comosa; (U) U 

subgenome of Ae. biuncialis vs. Ae. umbellulata; (V) M subgenome of Ae. biuncialis vs. Ae. 

comosa; (W) D subgenome of Ae. vavilovii vs. Ae. tauschii; (X) M subgenome of Ae. vavilovii vs. 

Ae. comosa; (Y) S subgenome of Ae. vavilovii vs. Ae. speltoides; (Z) first D subgenome of Ae. 

crassa subsp. crassa (6x) vs. Ae. tauschii; (AA) second D subgenome of Ae. crassa subsp. crassa 

(6x) vs. Ae. tauschii; (AB) M subgenome of Ae. crassa subsp. crassa (6x) vs. Ae. comosa; (AC) 

D subgenome of Ae. juvenalis vs. Ae. tauschii; (AD) M subgenome of Ae. juvenalis vs. Ae. comosa; 

(AE) U subgenome of Ae. juvenalis vs. Ae. umbellulata; (AF) U subgenome of Ae. neglecta subsp. 

recta vs. Ae. umbellulata; (AG) M subgenome of Ae. neglecta subsp. recta vs. Ae. comosa; and 

(AH) N subgenome of Ae. neglecta subsp. recta vs. Ae. uniaristata. Colored links indicate syntenic 

regions (grey), inversions (orange), translocations (green), and duplications (blue). White regions 

represent unaligned or filtered sequences, which may reflect large insertions or deletions, assembly 

gaps, or structural variants smaller than 10 kb that are not displayed. Species abbreviations: 

Aeumb, Ae. umbellulata; Aecom, Ae. comosa; Aetaus, Ae. tauschii; Aemark, Ae. markgrafii; 

Aeuni, Ae. uniaristata; Aespelt, Ae. speltoides; Aeshar, Ae. sharonensis; Aelong, Ae. longissima; 

Aeneg4x, Ae. neglecta subsp. neglecta; Aecylin, Ae. cylindrica; Aevent, Ae. ventricosa; Aetriun, 

Ae. triuncialis; Aepereg, Ae. peregrina; Aekots, Ae. kotschyi; Aegen, Ae. geniculata; Aecras4x, 

Ae. crassa subsp. crassa (4x); Aecolum, Ae. columnaris; Aebiun, Ae. biuncialis; Aevav, Ae. 

vavilovii; Aecras6x, Ae. crassa subsp. crassa (6x); Aejuv, Ae. juvenalis; Aeneg6x, Ae. neglecta 

subsp. recta. 
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Appendix 10 Structural variation between polyploid subgenomes and references corresponding to 

their coexisting subgenome counterparts.  

(A–N) Pairwise whole-genome alignments illustrating structural variation between polyploid 

subgenomes and references corresponding to their coexisting subgenome counterparts: (A) M 

subgenome of Ae   eglecta subsp.  eglecta vs. U subgenome (Ae  umbellulata); (B) M subgenome 

of Ae  crassa subsp. crassa (4x) vs. D subgenome (Ae  tauschii); (C) M subgenome of Ae  

colum aris vs. U subgenome (Ae  umbellulata); (D) M subgenome of Ae   a ilo ii vs. D 

subgenome (Ae  tauschii); (E) M subgenome of Ae  crassa subsp. crassa (6x) vs. D subgenome 

(Ae  tauschii); (F) M subgenome of Ae   u e alis vs. D subgenome (Ae  tauschii); (G) M 

subgenome of Ae   eglecta subsp. recta vs. U subgenome (Ae  umbellulata); (H) S subgenome of 
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Ae   a ilo ii vs. Ssh (Ae  sharo e sis); (I) S subgenome of Ae   a ilo ii vs. Sl (Ae  lo gissima); (J) 

S subgenome of Ae   a ilo ii vs. Sb (Ae  bicor is); (K) S subgenome of Ae   a ilo ii vs. Ss (Ae  

searsii); (L) S subgenome of Ae   a ilo ii vs. D subgenome (Ae  tauschii); (M) S subgenome of 

Ae  peregri a vs. S (Ae  speltoides); and (N) S subgenome of Ae   otschyi vs. S (Ae  speltoides). 

Colored links indicate syntenic regions (grey), inversions (orange), translocations (green), and 

duplications (blue). White regions represent unaligned or filtered sequences, which may reflect 

large insertions or deletions, assembly gaps, or structural variants smaller than 10 kb that are not 

displayed. Species abbreviations: Aeumb, Ae  umbellulata; Aeneg4x, Ae   eglecta subsp.  eglecta; 

Aetaus, Ae  tauschii; Aecras4x, Ae  crassa subsp. crassa (4x); Aecolum, Ae  colum aris; Aevav, 

Ae   a ilo ii; Ae  crassa subsp. crassa (6x); Aejuv, Ae   u e alis; Aeneg6x, Ae   eglecta subsp. 

recta; Aeshar, Ae  sharo e sis; Aelong, Ae  lo gissima; Aebic, Ae  bicor is; Aesear, Ae  searsii; 

Aespelt, Ae  speltoides; Aepereg, Ae  peregri a; Aekots, Ae   otschyi 
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Appendix 11 Synteny and SV counts for subgenomes compared with the reference genome corresponding to their coexisting 

subgenome, where applicable. 

Species-progenitor comparison 

Synteny Inversions Translocations  uplications Insertions  eletions 
Polyploid species 

Polyploid 
genome 

 iploid species 
 iploid 
genome 

                                             9  5  5          8  9 

                                                     5 99   5 5 9 95  9   9   

                                                           85     8 

                                                   8 98       5  5    8   9 

                              5       9   9   5       

                                       9       5                    

                                 5   9     5      

                                  9          5       5 8     

                                                 9   5     8 5   

                                                9  58         9     5  85 

                                                  

                                 5    9 8     8      

                                              9 8      5  55 9  

                                              9    8    98 8  95   5     

                               B   9 55         5 9 

                                  h 8               5 

                                l      5     5 9 5   

                                  8  9   9     9   5 

                                8  5   5    9    9 

                                   9        55      8      9  

                                 9   8           5   

                                  h               9  5                 

                                l         5     5    8           8   

                                 9    88  9      

                                 h         8           9     88  

                               l     8       8 5    8      8   
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Appendix 12 Structural variation identified in intraspecific diploid Aegilops genome comparisons. 

(A–D) Pairwise genome alignments illustrating structural variation between assemblies of Ae. 

sharonensis, Ae. longissima, Ae. bicornis, and Ae. searsii. Assemblies include previously 

published genomes from Li et al. (2022): Aeshar_TH02 (Ae. sharonensis), Aelong_TL05 (Ae. 

longissima), Aebic_TB01 (Ae. bicornis), and Aesear_TE01 (Ae. searsii); and Avni et al. (2022): 

Aeshar_AEG-1644 (Ae. sharonensis) and Aelong_AEG-6782-2 (Ae. longissima). Assemblies 

generated in this study include Aeshar_IPK-AE133 (Ae. sharonensis), Aelong_IPK-AE334 (Ae. 

longissima), Aebic_IPK-AE105 (Ae. bicornis), and Aesear_IPK-AE1071 (Ae. searsii). Colored 

links indicate syntenic regions (grey), inversions (orange), translocations (green), and duplications 

(blue). White regions represent unaligned or filtered sequences, which may correspond to large 

insertions or deletions, assembly gaps, or structural variants smaller than 10 kb that are not 

displayed. 
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Appendix 13 Synteny and SV counts identified in pairwise diploid Aegilops genome comparisons. 

Species  omparison  enome Synteny Inversions Translocations  uplications Insertions  eletions 

                 
        AEG      

  h 
 8    8     8   5 85        9   

AEG           K AE    8      8 5 5  95              

                
   5    AEG   8    

 l 
   8  9    95    8          89  

AEG   8         K AE     9   5    5 5   85            

              B        K AE  5      5     5 5    9 5 8  5   

              E        K AE        98        9      8  5         

 

Appendix 14 Percentage composition of transposable elements across Aegilops genomes. 

 lass 
Ae. 

sharonensis 
Ae. 

longissima 
Ae. 

bicornis 
Ae. 

searsii 
Ae. neglecta 

subsp. neglecta 
Ae. 

cylindrica 
Ae. 

ventricosa 
Ae. 

triuncialis 
Ae. 

peregrina 

 lass I LTR retrotransposons                                                                                                              

         8   5 8   5       5   5                   9   5 59 

               9   5 8   5                       8          

   la      d              5   9     5      5 8              5  

 lass I non-LTR retrotransposons      

LINE    9              8         5                

SINE   9    9    95   9                           

 lass II  N  transposons      

   T  9                      9                8 5  9 9  

M               9   9    9          8   9         9  

PIF_H                          98         8             9  

T 1_M                                   8    5    9    9 

  T                                              

H                59   59        55              5   59 

  k  w   E    58        5    5    5     5              5 

Total 8  8  8     8     8   9 8     85    8  95 8   9 8   5 

 

  



123 
 

Appendix 15 Percentage composition of transposable elements across Aegilops genomes. 

 lass 
Ae. 

kotschyi 
Ae. 

geniculata 

Ae. crassa 
subsp. 

crassa (4x) 

Ae. 
columnaris 

Ae. 
biuncialis 

Ae. 
vavilovii 

Ae. crassa 
subsp. 

crassa (6x) 

Ae. 
juvenalis 

Ae. neglecta 
subsp. recta 

 lass I LTR retrotransposons 
 

               5   8     5        9  8 9   9        5     5 

         8   9       9   8     8 95    9         5  9  8    

   la      d                9  5                       89      

 lass I non-LTR retrotransposons 

LINE    9              8    5    9         9      

SINE                                       8      

 lass II  N  transposons 

   T            5       9    9 9         5  9    8  9    

M         95    8        98    9   9          9    5 

PIF_H            8    9                        8    8    9 

T 1_M          9        5              9          9      

  T    9                            5  9    8     5 

H                          59        9          9    9 

  k  w   E         5         5               8    8      

Total 88    8  9  8     8   8 8       9          9 88    
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Appendix 16 LTR clade abundance (counts per Gb) in polyploid U subgenomes relative to the diploid U genome  

 lade 
Ae. 

umbellulata 
Ae. neglecta 

subsp. neglecta 
Ae. 

triuncialis 
Ae. 

peregrina 
Ae. 

kotschyi 
Ae. 

geniculata 
Ae. 

columnaris 
Ae. 

biuncialis 
Ae. 

juvenalis 
Ae. neglecta 
subsp. recta 

          9   5      85    9 5   89      9   5    8 98         955 

SIRE    8                  8          5 5    55   55 9 

       5    5   95        5   8         95     9      

T R   5 8             5 8    9  8   8    9  

R       59     888    8      5   858   989   8           5      9  

       9 9     59 98 9    8  989  9       5  9              5 

T     5  8 55 5 5  8 55   5 8       5 9   5   5 8  58   

 RM   85    8  9 9 5     8     89 5 5   88     8 5  5 

R             5         8        5              9       

  tal         595  9 5               9  5     9  55    8  9       

 

Appendix 17 LTR clade abundance (counts per Gb) in polyploid M subgenomes relative to the diploid M genome. 

 lade 
Ae. 

comosa 
Ae. neglecta 

subsp. neglecta 
Ae. 

geniculata 

Ae. crassa 
subsp. crassa 

(4x) 

Ae. 
columnaris 

Ae. 
biuncialis 

Ae. 
vavilovii 

Ae. crassa 
subsp. crassa 

(6x) 

Ae. 
juvenalis 

Ae. neglecta 
subsp. recta 

           8   99   8        8     5    55   8      5    98    9   

SIRE 5    5          98  5 5  588     9      55    5   

      8    98  8          9   8         8         885 

T R      98       8  85  5   98       89      

R                8  5 5   8      5          8        5   5      9  

       9       88     8    5      8     5   8     5            88 

T          5          5   5    58   5 5        8   595  

 RM  8     8   8    59   9 9   55  8              5   

R        9                  9     8         5 9        

  tal        55     5      88    59    5        58 5     55  5    
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Appendix 18 LTR clade abundance (counts per Gb) in polyploid D subgenomes relative to the diploid D genome.  

 lade Ae. tauschii Ae. cylindrica Ae. ventricosa 
Ae. crassa subsp. 

crassa (4x) 
Ae. vavilovii 

Ae. crassa subsp. 
crassa (6x,  1) 

Ae. crassa subsp. 
crassa (6x,  2) 

Ae. juvenalis 

          598      5    88       9    8      9                 

SIRE    8    5     958     9     9 5             95  

                   89               9     59        

T R        95 9 5     8     9       9         

R           5    5 5  8 9 9    8           8 5 5         8 5 9 

          9 9 9 9 9     8            8      8                 

T       5 8 5     5 9      8    898 5  8  5   5       

 RM               9                   9   9 9       

R      8  988                9      8           5 

  tal    9 5 58 988    598    9           8                   

  

Appendix 19 LTR clade abundance (counts per Gb) in polyploid S subgenomes relative to the diploid S genome. 

 lade Ae. sharonensis Ae. longissima Ae. bicornis Ae. searsii Ae. peregrina Ae. kotschyi Ae. speltoides Ae. vavilovii 

           5   5  5      8     55          5      5        9 5 

SIRE       5           5 8             5   8     8   

                         8                859    8  

T R 8   8 9 9   9     9 8   8   988 

R          95                   9     8               9  8     

       9 88  9                5       8 9 8        9    95  

T     8       959    5  5  5  8  8    5         5     

 RM 5   5   9     8 8    99   988     5 5 9     8 8 

R     999                59                8  98  

  tal    8 8  9   8  9  9   9             9   9  5   9     9  
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Appendix 20 LTR clade abundance (counts per Gb) in polyploid C subgenomes relative to the 

diploid C genome. 

 lade Ae. markgrafii Ae. cylindrica Ae. triuncialis 

          8 9         5     

SIRE    9  5           

       5              

T R 8   89      

R       5      9            

           5      8       8 

T     5  8  5   8 5     

 RM   8           5 9 

R        9           5  

  tal    9                 

 

Appendix 21 LTR clade abundance (counts per Gb) in polyploid N subgenomes relative to the 

diploid N genome  

 lade Ae. uniaristata Ae. ventricosa Ae. neglecta subsp. recta 

          8 8     9   5     

SIRE 5     5           

            5 8       

T R  8  8 9  8  

R       9  59     59  9 5 9 

          9 5     88 9     

T     5 99  5 9 5   8 8 

 RM    88    8        

R         8       9 8 

  tal     55  9        98  
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Appendix 22 LTR clade abundance (counts per Gb) across subgenomes within tetraploid Aegilops species. 

 lade 

Ae. neglecta subsp. 
neglecta 

Ae. cylindrica Ae. ventricosa Ae. triuncialis Ae. peregrina 

                    

        5        99       5           88      9     85   5               9 5 

SIRE       5       5   5       958 5                             

        5    98                89   5 8    95                   

T R 8    98  95 89  9 5 8 9           9     

R         888      8    5 5  9      8 9 9     59     8            8        5 

           59     88 9 9 9     8      8      88 9 8 9      8      8     8  

T     5 5 5 5     5     5   8 5 9   5 9 5 5   8 5     8  8  5 5   

 RM     8    8                9      8    9 9   5 9   988 5     

R         5       988                            5            8 

  tal    595  5 5   58 988           598  9      9  5                       

 

Appendix 23 LTR clade abundance (counts per Gb) across subgenomes within tetraploid Aegilops species. 

 lade 
Ae. kotschyi Ae. geniculata Ae. crassa subsp. crassa (4x) Ae. columnaris Ae. biuncialis 

                    

        5        89   8          9      9     5     5        5  8  98     55 

SIRE     5    8                  9           5 5  5  5     5 88  

             5    8     8           8            9    95    8   

T R 8     5     8       8        9  85  8   5   

R                858  5  5     989    8        5    8      5                 

       9 8   9 89       8 9               5       5       8 9          5 

T       5   5  8                 8        5  9  5       5   5 8   

 RM     5   8     8      89             5  5    9 9   88     55 

R                          5            5          9            8 

  tal  9   9           5    9   5    9   58  5       9     59  5 5       5  
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Appendix 24 LTR clade abundance (counts per Gb) across subgenomes within hexaploid Aegilops species. 

 lade 
Ae. vavilovii Ae. crassa subsp. crassa (6x) Ae. juvenalis Ae. neglecta subsp. recta 

                          

          8      8      9 5    9              5            98            955    9    5     

SIRE     9     9   8   5                   95  5 5   5 5   5 5 9   5         

                   8    9     59    8                   9         885       

T R     9 98  988       9               89  8    9       8  

R              8      8      8 5 5             5  8 5 9    5      5       9      9   9 5 9 

          8      8      95     8             5                             5     88 9     

T       898 5  5  5     5  8  5   5               8   5  8  5 8   5 95    8 8 

 RM         8     8 8     9   9 9                       8 5   5   5         

R        9        98      8           5     5 9      9              9 8 

  tal                   9   8            58  5             55  8   9         5        98  
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Appendix 25 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across U subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

                  5   5  5    9     5 5         8  

                                 5   5 8   9 5         8     5 

                        59        5 5      9      8 

                  5         9     9     8         

               555                5        9   

                       9      8    5       9  8  

                 5   5 8 9   9   5  5          5 

                     59      5  8    5    98 

                      8           5      5       

                                    5     8   5           9 

 

Appendix 26 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across M subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time 
at peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time 
at peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

                                599             

                                       99   99          8     8 8 

                       5 9     8          59     

                                 5                5     9 8    5  

                  88 5           5  89     9   9   

                  55 8       8 5      5   8 

                85            8   5       9   

                                9           5             5  

                8             5   9      8       

                             8 8     8    9    98    88  59  
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Appendix 27 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across D subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time 
at peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time 
at peak (Myr) 

Number of insertions at 
peak (n) 

                88    8    99     95    98       

                 9     5    95            5  

                 8 5                       8   8   

                                  9   95      5    85         9  

                 8      5      5          9    8  

                                    888    8      9    8        9 8 

                                    9      9          8           9  

                8 8                      58    8  

 

 

Appendix 28 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across Sx subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

 Ae. sharonensis  0.327 3,113 0.747 3,737 1.225 1,793 

 Ae. speltoides  1.041 194 0.781 746 0.644 138 

 Ae. longissima  0.332 2,570 0.849 2,663 1.137 1,502 

 Ae. bicornis  0.188 3,461 0.969 4,303 1.203 2,038 

 Ae. searsii  0.544 2,925 0.934 4,651 1.015 2,445 

 Ae. peregrina  0.213 4,160 0.65 5,191 1.065 2,014 

 Ae. kotschyi  0.547 2,179 1.013 2,140 1.122 1,366 

 Ae. vavilovii  0.882 1,760 1.13 2,627 1.143 1,630 
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Appendix 29 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across C subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

            f       5 8  59       9  5     8      5 

                   9   5 9     8         5     

                          5     5  5   8          58 

 

 

Appendix 30 Peak insertion times and insertion counts of Copia, Gypsy, and unknown LTR retrotransposons across N subgenomes. 

Species 
Copia Gypsy Unknown 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions 
at peak (n) 

Insertion time at 
peak (Myr) 

Number of insertions at 
peak (n) 

                    9 5  8            5    88       

                 85           58                   

                                             9     58     
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Appendix 31 Genome size estimates for Aegilops species. 

Species  enome  enome size1 ( b)  enome size2 ( b) 

                  h   5     8 ±      

                l    8      ±      

                  8    5  ±      

                  5      ±      

                                            ±      

                  9 59 8 8  ±      

                        9 98 ±      

                   9 9  9    ±      

                    5        ±      

                            ±      

                      9 9    ±      

                                    8      9 ±      

                     8     58 ±      

                        9    ±      

                         5    ±    5 

                                   d   5    ±      

                    d  5  8 ±      

                                     5 95 ±    8 
  E      t     (2  7)     E      t     (2  8);    =   t   t       ; 2 O        t           fl w   t   t   




