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Summary

The wheat group offers an outstanding system to address the interplay between hybridization, 

chromosomal evolution and biological diversification. Most diploid wild wheats originated following 

hybridization between the A-genome lineage and the B-genome lineage some 4MY ago, resulting in 

an admixed D-genome lineage that presented dramatic radiation accompanied by considerable 

changes in genome size and chromosomal rearrangements. Comparative profiling of low-copy genes, 

repeated sequences and transposable elements among those divergent species characterized by 

different karyotypes highlights high genome dynamics and shed new light on processes underlying 

chromosomal evolution in wild wheats. One of the hybrid clades presents upsizing of metacentric 

chromosomes going along with the proliferation of specific repeats (i.e. “genomic obesity”), whereas 

other species show stable genome size associated with increasing chromosomal asymmetry. Genetic 

and ecological variation in those specialized species suggest that genome restructuring was coupled 

with adaptive processes to support the evolution of a majority of acrocentric chromosomes. This 

synthesis of current knowledge on genome restructuring across the diversity of wild wheats paves the 

way towards surveys based on latest sequencing technologies to characterize valuable resources and 

address the significance of chromosomal evolution in species with complex genomes.
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Introduction

The wheat group (Aegilops L. and Triticum L.) includes a dozen of annual diploid species that 

naturally occur across the Mediterranean region and Central Asia (van Slageren, 1994; Kilian et al., 

2011). Besides genetic resources of great interest for food safety, wild wheats represent an 

outstanding model system to address the interplay between hybridization, chromosomal evolution and 

biological diversification. As comprehensively summarized by Feldman and Levy (2015), most 

domesticated wheats such as Triticum turgidum (genome BBAA) and T. aestivum (BBAADD) are 

indeed of hybrid origin, having evolved after the merging and duplication of chromosomes (i.e. 

allopolyploidy) from genetically divergent diploid species: Ae. speltoides (genome SS=BB), T. urartu 

(AA), and Ae. tauschii (DD). Besides allopolyploid wheats and their reticulate evolution, recent 

phylogenetic works demonstrated that homoploid hybridization preceded the radiation of most diploid 

wild wheat species (discussed in Huynh et al., 2019). As will be addressed below, although all wild 

wheats present x = 7, comparative cytogenetics highlights considerable chromosomal rearrangements 

within and among diploid species (Badaeva et al., 2007) that also show so-called “complex genomes” 

riffled with more than 80% of transposable elements (Tenaillon et al., 2010; Senerchia et al., 2013). 

After refined relationships among wild wheats are outlined to provide a firm comparative framework, 

we integrate available knowledge on their chromosomal evolution and address how genome 

restructuring supported the hybrid origin and the dramatic radiation of most diploid wild wheats. 

Finally, we discuss possibly underlying molecular and evolutionary processes, and revisit classical 

hypotheses on how genome dynamics may promote trajectories towards either “genomic obesity” 

(Bennetzen and Kellogg 1997) or adaptive “karyotype asymmetry” (Stebbins 1971). 

Reticulate evolution of diploid wild wheats

The diversity of diploid wild wheat species has long been studied (Feldman & Levy, 2015). However, 

species phylogenetic relationships have remained difficult to disentangle until increasingly 

representative sets of species and plastid as well as nuclear loci were coupled with sophisticated 

inferential tools (Marcussen, 2014; Bernhardt et al., 2017; Bernhardt et al., 2019; Glémin et al., 2019; A
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Huynh et al., 2019). Besides delimitation of a clearly monophyletic Aegilops-Triticum clade, sister to 

the genus Taeniatherum, these studies convincingly demonstrated that diploid wild wheats have 

evolved through homoploid hybridization (Fig. 1). 

Multispecies coalescent analyses that accounted for stochastic processes among multiple low-copy 

genes have highlighted a 4 to 5 MY-old hybridization event between diverging taxa of the A-genome 

lineage (i.e. ancestral Triticum diploids) and of the B-genome lineage (Ae. speltoides and Ae. mutica) 

at the origin of an admixed D-genome lineage that then diversified into the majority of current wild 

wheat species (Huynh et al., 2019). As discussed in this study, other phylogenies have similarly 

highlighted reticulate evolution, but emphasized on “successively nested hybridization events” and 

suggested that Ae. mutica may have been the B-progenitor of the D-genome lineage (Bernhardt et al., 

2019; Glémin et al., 2019). Despite morphological distinctiveness used to justify the classification of 

Ae. mutica in different genus (van Slageren, 1994; Kilian et al., 2011), this species has been 

demonstrated as closely related to Ae. speltoides and to have recently captured the plastid genome of 

Ae. umbellulata (ca. 0.4 MY ago; Huynh et al. 2019). The sister Ae. speltoides and Ae mutica indeed 

are the only outcrossing wild wheats that also distinctively possess B-chromosomes (Ohta, 1991) and 

present very similar karyotype structure showing similar major 45S rDNA loci and large clusters of 

GTTn microsatellite sequences in pericentromeric regions (Badaeva et al. 1996b; Ruban & Badaeva 

2018). Accordingly, phylogenies based on either full-parameterized multispecies networks vs 

topology or SNP approaches present rather shallow discrepancies due to ancestral population structure 

(see discussion in Huynh et al. 2019). They support an ancestral B-genome progenitor of the D-

genome lineage related to both Ae. mutica and Ae. speltoides or sister to them, that likely shared their 

main chromosomal characteristics. Comparative analysis of karyotypes from species of the A-, B- and 

D-genome lineages is used below to shed further light on the events underlying the origin and 

evolutionary radiation of hybrid wild wheats.

Following Huynh et al. (2019), the hybrid D-genome ancestor underwent substantial radiation from 

~3 MY onwards and yielded the majority of current Aegilops species that were previously assigned 

with different genomic formulas and classified in distinct sections of the genus (van Slageren, 1994; 

Kilian et al., 2011). Despite uncertainties regarding the intensity and tempo of gene flow among wild A
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wheats, diploid species are reproductively well isolated and present considerable morphological, 

chromosomal and ecological differences (Kilian et al., 2011). As shown in Fig. 1, phylogenetic 

evidence supports the divergence of three main clades early after hybridization at the origin of the D-

genome lineage. Basal splits of hybrid ancestors indeed yielded (i) a monospecific tauschii clade 

consisting of Ae. tauschii, (ii) a homogeneous S* clade comprising species of the section Sitopsis (i.e. 

Ae. bicornis, Ae. longissima, Ae. searsii, Ae. sharonensis), and (iii) a diverse CUMN clade formed of 

remaining diploid species Ae. caudata (C genome), Ae. umbellulata (U), Ae. comosa (M) and Ae. 

uniaristata (N). As will be discussed below, such refined comparative framework highlights 

contrasted evolutionary trajectories towards either the expansion of metacentric chromosomes in S* 

species (i.e. “genomic obesity”) or a majority of acrocentric chromosomes in CUMN species (i.e. 

“karyotype asymmetry”), offering a unique opportunity to address processes underlying genome 

restructuring and evolutionary radiation.

Hybrid speciation and chromosome restructuring in wild wheats of the D-genome lineage

Hybrid wild wheats of the D-genome lineage radiated with a constant chromosome number, although 

considerable karyotype reorganization is apparent through significant variation in chromosome sizes 

as well as positions of centromeres, heterochromatic and satellite regions (Fig. 1). The early evolution 

of hybrids between A- and B-genome species is nowadays largely confounded with the later 

divergence of all species. However, the basal Ae. tauschii presents metacentric chromosomes similar 

to those of all progenitor species from the A- and B-genome lineages, and it thus offers informative 

comparisons to identify events having early shaped D-genome species following hybridization. As 

summarized in Fig. 2, the sequencing of chromosome-scale subgenomes B, A and D of the cultivated 

bread wheats (International Wheat Genome Sequencing Consortium, 2018) and of T. urartu (Ling et 

al., 2018) and Ae. tauschii (Luo et al., 2017) greatly advanced comparative genomics in Aegilops-

Triticum and confirmed a chromosomal structure typical of Triticeae (Dvořák, 2009).

Despite its hybrid origin, the karyotype of Ae. tauschii significantly differs from a strict combination 

(i.e. expected additivity) of A and B progenitors (Table 1). This is strikingly illustrated by the absence A
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of a major nucleolus organizer region (NOR) on chromosome 1D of Ae. tauschii, while it was 

expected based on its location in both progenitor species. Such evolution of non-additive features 

following hybridization contrasts with other major NORs of A- and B- genome species that were 

retained on chromosomes 5 in Ae. tauschii or chromosomes 1, 5 and 6 in other species of the D-

genome lineage. Consistent with a largely stochastic process, species of D-genome lineage show 

differential retention and loss of specific NOR loci from progenitors. Reorganization of NOR loci has 

been commonly reported in interspecific hybrids (Pikaard, 2000) and recent work highlighted 

hierarchical nucleolar dominance among current wild wheats (Mirzaghaderi et al., 2017). Much 

remains to be understood regarding molecular underpinnings as well as evolutionary consequences of 

such chromosome-scale reorganization. 

Comparative genome organization based on tandem repeats provides reliable insights on chromosome 

restructuring in species such as wild wheats (Heslop-Harrison, 2000). As shown in Fig. 3, species of 

the hybrid D-genome lineage present karyotypes combining specificities of progenitors such as 

repeats from both A- (e.g. pTa-535) and B- (e.g. pSc.119.2) genome species. Chromosomes of Ae. 

tauschii however appear more similar to the A- than to the B-genome progenitor species. Overall 

dominance of the A-genome lineage along its chromosomes is particularly apparent through 

enrichment of specific repeats such as pAs1 (present in A-genome but rare among B-genome species) 

that are particularly abundant in the hybrid D-genome of Ae. tauschii (Rayburn & Gill, 1986; Badaeva 

et al., 2015). Such a pattern is strikingly matching biased retention of maternal A-genome nuclear 

genes involved in cytonuclear enzyme complexes in this species (Li et al., 2019). In contrast to co-

adaptation of cytoplasmic and nuclear loci affecting specific genes, comparisons of karyotypes 

support largely conserved A-chromosomes that appear rather consistent with an elusive genome-wide 

process. Other species of the D-genome lineage also show differential retention of progenitor 

sequences, with Ae. comosa and Ae. uniaristata showing similar bias, whereas chromosomes of Ae. 

umbellulata, Ae. comosa and species of the S* clade are closer to the B-genome progenitor. Given 

that genome-wide retrotransposons showed differential methylation depending on their genome of 

origin in wild wheats (Senerchia et al., 2016), other drivers than cyto-nuclear interactions may have 

participated in shaping hybrid genomes. 
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The contribution of the B-genome lineage to the reticulate origin of hybrid wild wheats is evident 

from pSc119.2 repeats that are abundant in both Ae. speltoides and Ae. mutica, and all derived species 

of the D-genome lineage, except Ae. tauschii (Badaeva et al. 1996a). However, pSc119.2 loci are 

scattered along chromosomes of Ae. speltoides and appear exclusively terminal in species of the D-

genome lineage and related grasses from Triticeae (Taketa et al., 2000), suggesting that ancestrally 

terminal pSc119.2 repeats amplified in the B-genome lineage after the hybridization event at the 

origin of the D-genome lineage. Similarly, satellite sequences that are scarce (Spelt-52) or even absent 

(Spelt-1) in derived species of the D-genome lineage are particularly abundant in B-genome species 

(Pestsova et al., 1998; Ruban & Badaeva 2018). Such particularly high abundance of specific 

sequences in B-genome species suggests high levels of repeat amplification and chromosomal 

restructuring in this clade. Accordingly, the exceptional abundance of Spelt-52 repeats in sister S* 

species (i.e. Ae. longissima and Ae. sharonensis) supports late hybridization with Ae. speltoides, as 

also suggested by Bernhardt et al. (2019), and highlights events that may have contributed to 

pervasive signals of gene flow at the origin of the D-genome lineage (Huynh et al., 2019). Consistent 

with the hypothesis of extensive sequence turnover in the B-genome lineage, Raskina et al. (2004) 

identified active En/Spm transposons that, alone or in interaction with the relocation and amplification 

of 45S and 5S rDNA sites, form hot spots for chromosomal rearrangements in Ae. speltoides. Various 

families of transposable elements were later shown to vary tremendously in copy number among 

individuals and selfed progenies of that species (Belyayev et al., 2010), as expected through the 

segregation of large-scale structural variants. Cytogenetic evidence accordingly supports tremendous 

variation in C-banding and GAA-patterns as well as heteromorphic homologous chromosomes likely 

caused by chromosomal rearrangements within that species (Fig. 3). Unfortunately, the now-

recognized sister species Ae. mutica has not yet been thoroughly investigated and to what extent it 

shares such high genome dynamics with Ae. speltoides is largely unknown. 

Despite a phylogenetic framework generally reconciling patterns observed at the gene and the 

chromosome scale (Dvořák, 2009), the high sequence turnover in wild wheat genomes (particularly of 

the B-genome lineage) makes the early evolution of hybrid D-genome species still challenging to 

accurately infer with available phylogenomic approaches (see Huynh et al., 2019). On top of further 

characterization of the so far neglected Ae. mutica, ancestral genome reconstruction based on high-A
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quality chromosome-scale assemblies among wild wheats would add to our understanding of genome 

evolution towards translational studies for cultivated wheats and Triticeae (Pont et al., 2017). Drivers 

of the biased retention of progenitor genomes in hybrid species deserve further attention, as both 

molecular and evolutionary underpinnings remain elusive (Hu & Wendel, 2019). Provided that 

highly-expressed genes under strong stabilizing selection may be disproportionally retained following 

hybridization, unbalanced expression of genes from divergent progenitors has been postulated to drive 

differential evolution of hybrid genomes, and diploid wild wheats thus appear as a promising model 

system to further disentangle the relative impact of gene network regulation vs genome-wide silencing 

of repeats (Woodhouse et al., 2014).

Obesity of metacentric chromosomes in S* wild wheats

Following hybrid speciation at the origin of the D-genome lineage, derived species diversified in 

clades that present strikingly different trajectories of chromosomal evolution. Unlike other hybrids, 

species of the S* clade retained metacentric chromosomes while specifically undergoing substantial 

genome upsizing (Table 1). Based on estimates of Eilam et al. (2007), these wild wheats all show an 

increase of ca. 20% in genome size (i.e. more than 1 Gb) as compared to progenitors and other species 

of the D-genome lineage. Such evolution towards “genomic obesity” within the last 3 MY is likely 

driven by the amplification of repeated sequences at a higher rate than can be removed by short 

deletions due to illegitimate recombination (Ma & Bennetzen, 2004; Chantret et al., 2005; Schubert & 

Vu, 2016). Such a process dramatically increased the genome size of the wild rice Oryza australiensis 

following the amplification of specific retrotransposons (Piegu et al., 2006) and likely predominates 

among S* wild wheats. In a study of four families of retrotransposons, (Hosid et al., 2012) considered 

a few samples from the S*-lineage (i.e. Ae. bicornis, Ae. longissima and Ae. sharonensis) and 

reported considerable variation within and among species. As expected under genetic drift as the main 

driver of genetic variation, widely divergent arrangements of retrotransposons among those species 

was mostly reflecting their phylogenetic relationships.
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Different genomic repeats present clear phylogenetic signals and, together with retrotransposons, have 

contributed to karyotype evolution among S* species (Fig. 4). Early diverging species such as Ae. 

searsii and Ae. bicornis presented repeats (pAs1 and pTa-535) that nearly disappeared in derived 

species Ae. sharonensis and Ae. longissima, whereas those two sister species further hosted the 

amplification of GAAn microsatellites and of Spelt52 satellite repeats (Ruban & Badaeva, 2018). 

Large variation in heterochromatic C-bands was early reported near and away from centromeres 

(Friebe & Gill 1996) and those species are indeed characterized by high genome dynamics. 

Underlying processes however appear to have evenly affected chromosome arms of S* wild wheats. 

Such sequence turnover with a conserved metacentric structure is thus particularly coherent with a 

stochastic accumulation of neutral interspersed repeats and small-scale chromosomal rearrangements 

across the whole genome of those species. Comparative genomics among S* wild wheats would 

provide more quantitative insights to address how a dynamic balance between insertion and deletion 

could favor the amplification of specific repeated sequences and support increased genome size as 

well as retention of metacentric chromosomes.

Increased chromosome asymmetry in CUMN wild wheats

In contrast to S* species and their conserved metacentric chromosomes, species of the CUMN clade 

present evidence of large-scale genome restructuring and acrocentric organization of specific 

chromosomes, while keeping a constant number of centromeres (Fig. 5). This contrast with 

Robertsonian fusions and fissions known to involve acrocentric chromosomes but yielding derived 

species with different chromosome numbers (Jones, 1998). The pattern shown by CUMN wild wheats 

indicates an evolution from ancestral metacentric towards acrocentric chromosomes, allowing neutral 

vs adaptive processes underlying such increasingly asymmetrical karyotypes to be addressed. 

Karyotype structures in species of the CUMN clade are highly diverse and even sister species may 

differ substantially in chromosome organization and morphologies. Consistent with phylogenetic 

relationships, Ae. comosa (M) and Ae. uniaristata (N) are both characterized by abundant pAs1 

repeats and present submetacentric M chromosomes, whereas N chromosomes are predominantly A
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acrocentric (Fig. 5). Chromosome 2 of Ae. comosa shows considerable asymmetry following 

pericentric inversions or terminal intrachromosomal translocation (Nasuda et al., 1998; Iqbal et al., 

2000). This is also the case in Ae. uniaristata (N), Ae. umbellulata (U) and Ae. caudata (C) that are 

characterized by further translocations and pericentric inversions (Danilova et al., 2017) having 

supported the evolution of two or three additional acrocentric chromosomes. Accordingly, 

chromosomes of Ae. caudata are all nearly-acrocentric and represent the current extreme of this trend 

towards increasing karyotype asymmetry in CUMN wild wheats.

Asymmetrical chromosomes becoming the majority in CUMN wild wheats is in striking contrast to 

conserved metacentric S* chromosomes, offering a unique opportunity to address the molecular and 

evolutionary drivers of genome restructuring. Large-scale deletions being deleterious in diploids, 

either uneven amplification/deletion of repeated sequences or chromosomal rearrangements may be 

underlying the evolution of asymmetry between chromosome arms. Profiling of transposable elements 

highlighted several recently active retrotransposon families among diploid wild wheats (Senerchia et 

al., 2014). Unlike BARE1 that presented higher intraspecific diversity than genome-wide random loci 

and was thus identified as transpositionally active in Ae. tauschii, Ae. caudata, Ae. comosa and Ae. 

umbellulata, several other retrotransposons families presented species-specific evolutionary 

trajectories. Although such dynamics of retrotransposons may have participated to genome 

restructuring, biased insertion of transposable elements driving localized expansion of chromosome 

segments has not been documented in the wheat group and repeated sequences appear to rather 

accumulate widely across the genome (e.g. (Wicker et al., 2018). Similarly, genome-wide deletions 

driven by illegitimate recombination appear to rule small-scale DNA loss and genome streamlining 

(Levin, 2002; Chantret et al., 2005; Schubert & Vu, 2016). Accordingly, the limited variation in 

genome size reported among most CUMN species supports a balance between sequence amplification 

and deletion, indicating that the evolution of acrocentric chromosomes was chiefly uncoupled from 

processes of genome expansion-contraction.

Centromere shifts apparent among CUMN wild wheats most likely resulted from chromosomal 

rearrangements such as pericentric inversions and unequal translocations among non-homologous 

chromosome arms that have been documented in those species (Fig. 5). In particular, different Ae. A
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umbellulata accessions frequently present reciprocal translocations that often involve satellite 

chromosomes at interstitial breakpoints and suggest that considerable structural variation is 

segregating within that species (Badaeva et al. 2004). Although close association to centromeres 

causing meiotic drive to preferentially fix acrocentric-like arrangements was suggested in some cases 

(e.g. Zanders et al., 2014), it remains unknown to what extent such a putative transmission advantage 

may yield a karyotype with a majority of acrocentric chromosomes in plants. In contrast to the long-

term conservation of metacentric chromosomes reported in S* wild wheats, neutral genome dynamics 

may look unlikely to have promoted increased karyotype asymmetry such as exhibited by CUMN 

wild wheats.

Stebbins (1971) postulated that non-neutral processes were at work to shape asymmetrical karyotypes 

and that acrocentric chromosomes of CUMN wild wheats have been progressively build-up by 

adaptive processes. Provided that several recent studies have reported chromosomal rearrangements 

promoting selection on linked loci (i.e. supergenes underlying complex phenotypes; Thompson & 

Jiggins, 2014; Charlesworth, 2016; Coughlan & Willis, 2019), the accumulation of long-lasting 

clusters of genes on specific chromosome arms may be consistent with Stebbins’ hypothesis. As 

diploid wild wheats were shown to strive in significantly different ecological niches (Huynh et al., 

2020), an adaptive scenario linking chromosomal restructuring and ecological specialization appears 

plausible. The evolution of acrocentric chromosomes in CUMN wild wheats would have accordingly 

been chiefly driven by large-scale restructuring events that promoted the accumulation of non-

recombining clusters of adaptive traits supporting the filling of a specific ecological niche. To what 

extent inversions or translocations may support not only the clustering of distant loci but also the 

necessary long-range reduction in recombination that is necessary for such a process to be effective 

remains largely unknown in wild wheats and more generally in plants (Hoffmann & Rieseberg, 2008; 

Fishman et al., 2013). Similarly, the impact of microchromosomal rearrangements on recombination, 

such as promoted by interspersed retrotransposons in other species (Choudhury et al., 2019), remains 

elusive in wild wheats. Noticeably, ruderal, selfing species such as wild wheats, whose populations 

are preadapted to quickly grow in a specific ecological niche and show reduced effective 

recombination, may particularly benefit from such gene clusters (Grant & Flake, 1974). 
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Integration of phylogenomics and molecular cytogenetics in wild wheats reveals remarkably 

contrasted patterns of chromosomal restructuring among recently diverged S* species (i.e. genome 

expansion within a conserved metacentric karyotype) vs CUMN species (i.e. increasingly 

asymmetrical chromosomes). Molecular and evolutionary processes underlying such evolutionary 

trajectories however remain to be characterized and fully integrated. Future studies should address the 

drivers of linkage disequilibrium among co-adapted sets of alleles and the possible adaptive spread of 

asymmetrical chromosomes in support of ecological radiation in wild wheats. In particular, the 

possible impact of linked selection in so-called complex genomes of CUMN species should be 

characterized to yield a deeper understanding of the interplay between structural variation and 

adaptation within and among species. 

Genome restructuring: driver or spandrel of diversification in hybridizing wild wheats

Comparative genomics among multiple, recently diverged species is still in its infancy, but available 

surveys in plants point to a fast sequence turnover and a rather conservative evolution of low-copy 

genes as compared to repeated sequences and large gene families. In wheat relatives, pericentromeric 

and proximal regions comprising mostly Gypsy retrotransposons and low-copy genes contrast with 

distal ends of chromosomes that harbor fast-evolving genes riffled with active Copia retrotransposons 

and CACTA transposons (Luo et al., 2017; Fig. 2). Although such chromosomal organization is 

consistent with different evolutionary strata supporting conserved proximal vs dynamic distal regions, 

not much is known beyond Ae. tauschii and genome-wide surveys are necessary to shed light on 

underling drivers. Although the causes and consequences of genome restructuring remain elusive, 

large-scale chromosomal rearrangements were detected to well mirror the evolution of rice species 

(Stein et al., 2018) as well as species with complex genomes such as in wild wheats or sunflowers 

(Ostevik et al., 2019). It remains unclear to what extent genome restructuring is a driver or a by-

product (i.e. spandrel) of species diversification. 

The high genome dynamics of S* wild wheats going along with their recent diversification across the 

Middle East is consistent with neutral expansion of chromosomes having promoted the origin of new A
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species (Raskina et al., 2008). Raskina et al. (2004) reported limited impact of chromosomal 

rearrangements on reproductive isolation in S* species and further studies may thus take advantage of 

this clade to address the interplay between intrinsic genome dynamics and stochastic factors in 

shaping species diversification. On the other hand, coherent with Stebbins’ hypothesis, large-scale 

chromosomal rearrangements that accumulated among CUMN wild wheats could chiefly be by-

products of selection initiated by environmental triggers to yield ecologically specialized species. 

Wild wheats thus offer outstanding opportunities to shed further light on the adaptive role of genome 

restructuring. Related clades with such divergent evolutionary trajectories is indeed promising to 

address structural and functional consequences of genome restructuring. Integrative work is now 

necessary to understand the genomic substrate of evolutionary radiation in wild wheats and address 

the impact of stochastic vs adaptive processes in shaping chromosomes. 

More generally, it remains unclear to what extent hybridization is a necessary stimulus for such 

species diversification. Species such as sunflowers or wild wheats that have been thoroughly 

investigated regarding genome restructuring and ecological specialization indeed share a history of 

reticulate evolution. Cycles of genome divergence – merging are postulated to combine and reshuffle 

large-effect haplotypes that may promote genomic conflicts (Abbott et al., 2013) and/or facilitate 

adaptive radiation (Marques et al., 2019), and thus support dramatic species diversification. In that 

context, it may be noticed that CUMN species have been particularly prone to further hybridization, 

having generated the majority of wild wheats through allopolyploidy (Kilian et al., 2011; Senerchia et 

al., 2014; Feldman & Levy, 2015). Although beyond the scope here, comparative analysis of 

allopolyploid wild wheats would shed new light on chromosomal evolution through time (Badaeva et 

al., 2002; Badaeva et al., 2004) and the impact of large-scale restructuring vs dynamics of repeated 

sequences on evolutionary radiation. Underpinnings of biased fractionation vs gene-flow in shaping 

subgenomes of allopolyploid wild wheats also remains largely to be explored (Zohary & Feldman, 

1962; Senerchia et al., 2014; Mirzaghaderi & Mason, 2017). Now that technological advances enable 

variation from nucleotide to large-scale rearrangements to be compared among complex genomes 

(e.g. Borrill et al., 2019), additional surveys may soon shed light on the causes and consequences of 

chromosomal restructuring following the combination of divergent species.
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Legends to Figures

Fig. 1. Phylogenetic relationships and chromosomal evolution among diploid wheats (Aegilops-

Triticum). The genome composition of each species is indicated in between brackets and the 

reticulation event between species of the A- and the B-genome lineages at the origin of the D-genome 

lineage is shown as dotted lines following Huynh et al. (2019), with mean node ages and 95% 

credibility intervals in million years ago (MYA). Chromosomes were labeled with the A/D-genome-

specific repeat pAs1 (green) and the B/S-genome-specific repeat pSc119.2 (red), and FISH 

karyotypes following Badaeva et al. (1996a, 2015, 2019) and Ruban & Badaeva (2018) show 

progenitor species from the A-genome (here, T. monococcum) and B-genome (here, Ae. speltoides) 

lineages together with selected karyotypes from the three clades nested within the hybrid D-genome 

lineage: (i) Aegilops tauschii shows the A-like karyotype of the tauschii clade (also see Fig. 3), (ii) 

Ae. longissima and its large metacentric chromosomes is representative of “genomic obesity” in the 

S* clade (also see Fig. 4) and (iii) Ae. caudata illustrates species of the variable CUMN clade and 

their acrocentric chromosomes (also see Fig. 5). 

Fig. 2: Sequence data in wild wheats (Aegilops-Triticum) and genome organization in Triticeae. 

A: Comparative genomics based on chromosome-scale assemblies of subgenomes from cultivated 

wheats (i.e. BAD; International Wheat Genome Sequencing Consortium, 2018), of T. urartu (A-

genome; Ling et al., 2018) and Ae. tauschii (D-genome; Luo et al., 2017) supports the typical a 

predominance of transposable elements in wild wheats (around 85%). Diploid species present 

noticeably different profiles of repeats that otherwise match abundances reported among subgenomes 

of bread wheat (Wicker et al., 2018). The gene space (i.e. gene + non-repeated sequences) is thus 

rather restricted with only 7.5% of the genome corresponding to high confidence genes in Ae. 

tauschii. B: The current assembly of Ae. tauschii comprises more than 95% of its genome (Luo et al., 

2017) and matches the typical organization of chromosomes in Triticeae (Dvořák, 2009). Genes are 

rare across the 50 to 100 MB of pericentromeric regions, at low density in proximal regions of A
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chromosomes comprising mostly low-copy genes and at high density only towards subtelomeric 

regions. Matching recent insights from nuclear conformation of chromosomes in Barley (Mascher et 

al., 2017), mostly distal ends of chromosomes show frequent recombination and are enriched in gene 

families in Ae. tauschii. Such organization is generally coherent with the hypothesis of conservative 

vs dynamic evolutionary strata of Triticeae chromosomes (Dvořák 2009). 

Tandem repeats appear abundant across specific regions of chromosomes such as pericentromeric 

microsatellites (GAAn or GTTn) or subtelomeric islands (Spelt-1, Spelt-52; Salina et al. 2004), 

although likely underestimated at less than 1% in genome assemblies (e.g. Liu et al. 2017). Despite 

conserved presence of such repeat islands in Triticeae, their organization and primary sequence varies 

even among species (e.g. pAs1, pSc.119.2, Spelt-1; Contento et al. 2005; Salina et al. 2004). 

Transposable elements represent the vast majority (i.e. 84.4%) of the Ae. tauschii genome. On top of 

16% of ‘cut-paste’ DNA transposon (mostly CACTA), more than 65% of its genome is composed of 

interspersed copies from some 550 divergent families of ‘copy-paste’ long-terminal repeat 

retrotransposons. As in other Triticeae, the Copia type (RLC) represents the minority, with relatively 

high copy densities across distal ends of chromosomes. Some abundant families such as the BARE1 

group (i.e. Angela, BARE1 and WIS) present around 2000 intact copies suggestive of recent insertions 

across the gene space. The Gypsy type (RLG) accounts for more than half the 20’000 intact copies 

identified in Ae. tauschii and therefore comprises several families having recently proliferated. Fatima 

is an example of RLG having diversified with wild wheats to currently present divergent sequence 

pools among species and that is particularly abundant in Ae. tauschii. As in other Triticeae, the RLG 

Cereba interacts with CENH3 histones and is therefore strictly centromeric, despite around 200 

recently inserted copies indicative of sequence turnover in Ae. tauschii. Although still poorly 

understood, the chromosomal organization of Ae. tauschii matches the typical Triticeae model with 

particularly abundant RLG copies in pericentromeric and proximal regions, whereas RLC show a 

more even distribution and are particularly abundant across distal ends of chromosomes.
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Fig. 3. Contrasting karyotypes of putative progenitors A-genome species (Triticum urartu and T. 

monococcum) and B-genome species (Aegilops speltoides and Ae. mutica) compared with a 

representative species of the hybrid D-genome lineage, Ae. tauschii. As summarized in Table 1 

and discussed in the text, the distribution of repeated sequences among samples of Ae. tauschii 

combines A-specific (e.g. pTA-535, pAs1) and B-specific (e.g. pSC.119.2) characteristics. Such 

repeats selected for their correlation between abundance and cytogenetic signals appear globally more 

similar to the karyotype of A-genome progenitors. In contrast, the organization of major nucleolus 

organizer regions (NOR, 5S) in Ae. tauschii differs from a combination of A- and B- genome 

progenitors. Probe combinations are shown on the top with colors corresponding to signals along 

homeologous chromosomes 1 to 7 (also see Table 1). Accession names are given on the bottom. 

FISH-karyotypes were constructed based on previous analyses as in Fig. 1. 

Fig. 4. Karyotype evolution towards “genomic obesity” in the S* clade of the hybrid D-genome 

lineage of wild wheats. Enlarged chromosomes appears to match the increased genome size 

estimated in progenitor species (Table 1). Large variation in C-banding patterns and distribution of 

GAAn microsatellites is visible within and among species. Subtelomeric Spelt52 repeats that are 

abundant in Aegilops speltoides (Fig. 3) are restricted to the sister species Ae. sharonensis and Ae. 

longissima. Probe combinations are shown on the top with colors corresponding to signals along 

homeologous chromosomes 1 to 7 and accession names are given on the bottom, based on previous 

analyses as in Fig. 1. 

Fig. 5. Karyotype evolution towards a majority of asymmetrical chromosomes (i.e. “karyotype 

asymmetry”) in the CUMN clade of the hybrid D-genome lineage of wild wheats. Submetacentric 

and predominantly acrocentric chromosomes of Aegilops comosa and Ae. uniaristata show abundant 

pAs1 repeats. On top of chromosome 2 asymmetry that is shared by all species, Ae. umbellulata and 

Ae. caudata present two and three additional acrocentric chromosomes, respectively. All 

chromosomes of Ae. caudata are therefore nearly-acrocentric, illustrating karyotype asymmetry. A
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Probe combinations are shown on the top with colors corresponding to signals along homeologous 

chromosomes 1 to 7 (also see Table 1) and accession names are given on the bottom, based on 

previous analyses as in Fig. 1. 
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Table 1: Diploid wild wheat species and main characteristics of their karyotype as shown in Fig. 3, 4 and 5. 

Lineage / 

Genomic 

composition

Species (synonyms) GSa

(pg)

C-

bandb

GAAb GTTb NORc

major /minor 

(chrom. pos)

5Sc

(chrom. 

pos)

Sp52d Sp1d Tad As1d Scd

A / Am T. monococcum 

subsp. monococcum 

subsp. aegilopoides 

(= T. boeoticum) 

6.45 + + + 2 (1S+5S) /

3(5L+6S+7L)

2 (1S=5S) + 0 +++ ++ 0

A / Au T. urartu 6.02 + + + 2 (1S+5S) /

3(5L+6S+7L)

2 (1S=5S) + 0 +++ ++ 0

B / S Ae. speltoides 5.81 +++ ++ +++ 2 (1S+6S) / 0 1 (5S) +++ +++ 0 0 +++

B / T Ae. mutica 

(= Amblyopyrum 

muticum)

5.82 ++ ++ +++ 2 (1S+6S) / 

1 (7L)

2 (1S>5S) na 0 0 + +++

D / D Ae. tauschii 5.17 + +(0) + 1 (5S) / 

1 (7L)

2 (1S=5S) 0 0 +++ +++ +

D/ S*(Sb) Ae. bicornis 6.84 ++ ++ + 2 (5S+6S) / 

2 (1S+6L)

2 (1S>5S) 0 0 + + +++

D / S*(Ss) Ae. searsii 6.65 ++ ++ + 2 (5S+6S) / 

2 (1S+6L)

2 (1S=5S) 0 0 + + +++

D / S*(Sl) Ae. longissima 7.48 +++ +++ + 2 (5S+6S) / 

2 (1S+6L)

2 (1S=5S) +++ 0 + + +++

D / S*(Sl) Ae. sharonensis 7.52 +++ +++ + 2 (5S+6S) / 

2 (1S+6L)

2 (1S=5S) +++ 0 + + +++
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D / C Ae. caudata 4.84 +++ +++ +++ 2 (1S+5S) / 0 2 (1S=5S) 0 0 0 + +++

D / U Ae. umbellulata 5.38 +++ +++ + 2 (1S+5S) /

1 (6L)

2 (1S=5S) 0 0 0 + +++

D / M Ae. comosa 

(= Ae. markgrafii) 

5.53 ++ ++ + 2 (1S+6S) / 

5 (2S+3S+4L+7L)

2 (1S>5S) 0 0 ++ ++ ++

D / N Ae. uniaristata 8.82 +++ +++ +++ 1 (5S) / 

6 (1L+2L+3L+7L)

2 (1L>5S) 0 0 +++ +++ +++

Out Taeniatherum caput-

medusae

4.31 + + ++ 1 (1S) 2 (1L>5L) 0 0 + + ++

aGenome Size (GS) in pg from Eilam et al. 2007. For Taeniatherum caput-medusae from https://cvalues.science.kew.org
bAbundance of C-bands, largely co-locating with GAAn microsatellites, presented as low (+), medium (++) or high (+++) following Friebe & Gill (1996) and Badaeva 

et al. (1996a).
cPositions of nucleolar organizing regions (NOR) and 5S ribosomal RNA gene (5S) on chromosome arms, following Badaeva et al. (1996b).
dAbundance of tandem repeats Spelt52 (Sp52), Spelt1 (Sp1), pTa-535 (Ta), pAs1 (As), pSc119.2 (Sc) characterized in Badaeva et al. (1996a) and Ruban & Badaeva 

(2018) and summarized here as absent (0), low (+), medium (++), high (+++) or not available (na) based on their correlation between abundance in genomes and 

intensity of FISH signals.
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