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Abstract

:

The tribe Triticeae contains about 500 diploid and polyploid taxa, among which are important crops, such as wheat, barley and rye. The phylogenetic relationships, genome compo-sition and chromosomal architecture, were already reported in the pioneer genetic studies on these species, given their implications in breeding-related programs. Hexaploid wheat, driven by its high capacity to develop cytogenetic stocks, has always been at the forefront of these studies. Cytogenetic stocks have been widely used in the identification of homoeologous relationships between the chromosomes of wheat and related species, which has provided valuable information on genome evolution with implications in the transfer of useful agronomical traits into crops. Meiotic recombination is non-randomly distributed in the Triticeae species, and crossovers are formed in the distal half of the chromosomes. Also of interest for crops improvement is the possibility of being able to modulate the intraspecific and interspecific recombination landscape to increase its frequency in crossover-poor regions. Structural changes may help in this task. In fact, chromosome truncation increases the recombination frequency in the adjacent intercalary region. However, structural changes also have a negative effect upon recombination. Gross chromosome rearrangements produced in the evolution usually suppress meiotic recombination between non-syntenic homoeologs. Thus, the chromosome structural organization of related genomes is of great interest in designing strategies of the introgression of useful genes into crops.
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1. Introduction


The tribe Triticeae Dumort belongs to the subfamily Pooideae of the grass family Poaceae (Gramineae). About 500 taxa are included in this tribe. The number and designation of genera, species and subspecies depend upon the taxonomic criterion [1,2]. All species are considered to have a monophyletic origin, that is, they have a common ancestor, which is theoretically estimated to diverge from the other Poaceae 25 million years ago (MYA) [3,4]. Among the about 360 species in the tribe, 80 are diploids, the majority are allopolyploids derived from interspecific or intergeneric hybrids, most likely with progenitor species repeatedly involved in different hybridization events and increasing polyploidy levels. Only a few species are considered autopolyploids, which originated mainly from intraspecific hybridization followed by chromosome doubling [5]. All species have a basic haploid chromosome number of x = 7; diploid species have 2n = 14 chromosomes, and polyploids possess multiples of 14 chromosomes, the tetraploids 2n = 4x = 28, and the hexaploids 2n = 6x = 42. Elymus shows the most complex series and the highest level (12x) of ploidy [2].



Some species are self-pollinated, and others are cross-pollinated. About 75% of Triticeae species are perennials that grow in Temperate and Artic regions, mainly in the Northern Hemisphere, while the annuals spread through the Eastern Mediterranean and Central Asiatic regions [2].



The tribe is the subject of many research areas such as archaeology, genetics, plant breeding and evolutionary biology, but the main interest is due to its global economic significance, as it includes grain crops such as wheat (Triticum), barley (Hordeum) and rye (Secale), as well as a considerable number of grasses used for animal feed or rangeland protection. Given the enormous capacity for interspecific hybridization among most of the Triticeae taxa, wild species represent an accessible source of genetic variability that can be used to improve crops. The taxonomy of the tribe is complex, and has varied over time according to the taxonomic criteria and methodologies used [1]. Probably, interspecific hybridization and a large number of allopolyploid species are the key factors in the appearance of inconsistencies between different phylogenetic trees. However, the role of the wild species as potential donors of useful agronomic traits to be introgressed into their cultivated relatives, represents an additional incentive in resolving the supposed evolutionary relationships among them.



With regards to the divergence of different genera there is a common consent that Psathyrostachys and Hordeum diverged early on from the rest of the Triticeae. Aegilops and Triticum are closely related genera with a more recent origin. The estimates of the divergent times suggest that Hordeum diverged 11 MYA, Secale 7 MYA and the Aegilops-Triticum complex 2.5–4.5 MYA [4]. Hordeum originated in western Eurasia, and later extended over The Northern Hemisphere, South Africa and South America. It contains about 33 species. Four genomes have been described H, I, Xa and Xu, which are present in diploid (2x), tetraploid (4x) and hexaploid (6x) taxa [6]. The H genome is present in barley, H. vulgare, and H. bulbosum, Xu in H. murinum, Xa in H. marinum, and the remaining species share variants of the I genome. Barley, used to feed livestock, and malted for beer or whisky (also whiskey) production, is the economically most important species in the genus, with a world production of about 147.40 million metric tons in 2017 (http://www.fao.org/faostat/es/#data/QC). It ranks the fourth in both quantity produced and in area of cultivation of cereal crops in the world. The barley genome has a size of 5.1 Gb, and contains 30,400 genes [7]. Its chromosomes are designated 1H to 7H according to the homoeologous relationships relative to the wheat chromosomes. The taxonomy of the genus Secale has been a matter of disagreement. The about 15 species initially recognized were reduced to three, S. strictum, S. sylvestre and S. cereale. This S. strictum, the perennial species of the genus, is considered the ancestral taxon. The other two species are annual, and S. sylvestre diverged first from S. strictum, while S. cereale is the youngest species of the group, and includes also S. vavilovi [8]. Rye (S. cereale) is the sixth most important cereal in production with a total of 13.73 million metric tons in 2017 (http://www.fao.org/faostat/es/#data/QC). Rye also has a large genome (8.1 Gb, nearly 50% larger than the barley genome) with 31,000 detected genes [9]. Chromosomes of rye are designated 1R to 7R, according to the homoeologous relationships relative to wheat chromosomes.



The wheat-Aegilops complex consists of three genera, Amblyopirum, Aegilops and Triticum, with one, 10 and two diploid species each, respectively. Based on the genome divergence, these diploid species were classified in seven groups: T-group (A. muticum); S-group (Ae. speltoides, Ae. bicornis, Ae. longissima, Ae. sharonensis, and Ae. searsii); A-group (T. monococcum and T. urartu); D-group (Ae. tauschii); C-group (Ae. caudata); M-group (Ae. comosa and Ae. uniaristata); U-group (Ae. umbellulata) [2]. In addition to the diploids, the Aegilops genus contains 10 allotetraploid species: Ae. biuncialis (UUMM), Ae. geniculata (MMUU), Ae. neglecta (UUMM), Ae. columnaris (UUMM), Ae triuncialis (UUCC), Ae. kotschyi (SSUU), Ae. peregrina (SSUU), Ae. cylindrica (CCDD), Ae. crassa (DDMM), and Ae. ventricosa (DDNN), and four allohexaploids: Ae. recta (UUMMNN), Ae. vavilovi (DDMMSS), Ae. crassa (DDDDMM), and Ae. juvenalis (DDMMUU).



The genus Triticum contains two tetraploid species, T. turgidum (AABB) and T. timopheevii (AAGG), the allohexaploid T. aestivum (AABBDD) and the autoallohexaploid T. zhukovskyi (AAGGAmAm). T. turgidum and T. aestivum constitute the Emmer lineage, and T. timopheevii and T. zhukovskyi constitute the Timopheevii lineage of polyploid wheats. Triticum is the most important genus of the tribe Triticeae for its agricultural value. Its ranks the second after corn in grain production, contributing about 20% of the total calories consumed by humans.



The world production of wheat reached 771.72 million metric tons in 2017 (http://www.fao.org/faostat/es/#data/QC), most of which is bread wheat, T. aestivum. Several studies on the divergence time of the diploid genomes of the wheat-Aegilops complex agree in showing the A and S genomes as the basal branches of the group, while the D genome diverged later [10,11,12]. Feldman and Levy [2] suggested a reticulate evolution in the group, in which the primitive diploid species diverged theoretically 2.5–3.0 MYA, and the more recent ones 2.5 MYA. The three ploidy levels of the wheat group contain cultivated species. One diploid species, T. monococcum, and the two tetraploids, were domesticated with the birth of agriculture about 10,000 years ago, while T. aestivum and T. zhukovskyi are considered to be originated under the cultivation of T. turgidum and T. timopheevii, respectively. Wild tetraploid wheat, T. turgidum ssp. dicoccoides (AABB) is believed to have originated within the past few hundred thousand years [4] from the hybridization of wild diploid einkorn wheat, T. urartu (AA), with a close relative of Ae. speltoides (SS, where S is closely related to B) [13,14,15]. The hexaploid T. aestivum (AABBDD) originated from a second hybridization event between T. turgidum and the wild diploid progenitor of the D genome, Ae. tauschii [16,17]. T. timopheevii originated 0.4 MYA [4,12], its A-genome was derived from T. urartu [13], while the G-genome originated from the S-genome of Ae. speltoides [15,18,19,20,21,22,23]. The hexaploid wheat T. zhukovskyi originated from the hybridization of T. timopheevii and T. monococcum [13,24]. Bread wheat has a large genome (17 Gb), whose reference sequence has been identified with an estimated coverage of 94%, giving access to 107,891 high-confidence genes [25,26]. A 10.5-Gb genome assembly composed of 14 pseudomolecule sequences representing the 14 chromosomes of wild emmer wheat (genome size estimated to be 12 Gb) was also reported [27]. Other wheat-relative genome sequences, including those of T. urartu (4.94 Gb) and Ae. tauschii (4.5 Gb), have been published [28,29].



Many studies carried out in order to identify the diploid progenitors of the allopolyploid species in the wheat-Aegilops complex were based in the genome analysis developed by Kihara [30,31,32,33]. This method assumed that the genetic architecture of the different genomes present in a given allopolyploid is preserved as in their diploid progenitors, making possible their identification through the analysis of meiotic pairing in interspecific crosses. A high frequency of bivalent pairing at metaphase I between the chromosomes of the diploid and polyploid species identified the homology of such genomes. Meiotic pairing also has implications on the possibility of transferring genes of agronomic interest from wild species to cultivated ones, especially to common wheat. Homologous recombination can be used in the transfer of genes from species of the primary and secondary gene pool, which share homologous genomes with common wheat. After direct hybridization and homologous recombination, useful genes can be selected in the offspring of the hybrids and in subsequent backcrosses [34]. In the case of species belonging to the tertiary gene pool, genomes are more differentiated relative to those of wheat, and any gene transfer to be achieved needs the occurrence of a recombination between homoeologous chromosomes. This became effective after the discovery of the Ph1 gene that suppresses recombination between homoeologous chromosomes in wheat [35,36,37,38,39]. In the absence of Ph1, recombination is possible between the homoeologous chromosomes of wheat or between those of wheat and other species. Alternatively, Ph suppressors present in Ae. speltoides can be used to induce homoeologous recombination. Different genes have been transferred from the Aegilops species via such homoeologous recombination [40]. On the other hand, meiotic recombination appears also to be the foci of current research projects because of the importance of extending their occurrence to all genomic regions, especially to those that are usually restricted. In this review, I will summarize all of the features of meiotic recombination with implications on breeding-related programs, especially those concerning polyploid wheats.




2. Chromosome Structure in Triticeae


All species of the tribe Triticeae are assumed to have evolved from a common ancestor. In the species divergence, chromosomes could adopt different evolutionary paths, which can be established after unraveling the content and order of the genes present in the homoeologous linkage groups. In this task, bread wheat has played a central role.



Hexaploid wheat, T. aestivum, is the first allopolyploid in which all 21 chromosomes were identified according to its genomes of origin (A, B or D) and homoeologous groups. Such a chromosome classification was later used as a reference in the identification of the homoeologous relationships of chromosomes from other genomes of the tribe. Aneuploid sets of monosomics, nullisomis, telocentrics, trisomics and tetrasomics, as well as the 42 nullisomic-tetrasomic combinations obtained by Sears in cv. Chinese Spring [41,42], were indispensable materials used for this purpose. Unpaired chromosomes in the crosses of 21 monosomics of bread wheat and tetraploid wheat AABB were allocated to the D genome [41]. Chromosomes of the A and B genomes were identified in crosses between 13 ditelocentric lines and a synthetic tetraploid AADD [43]. Six telocentrics that formed a heteromorphic bivalent with a normal chromosome in the AABDD hybrids were assigned to the A genome, and the seven telocentrics that appeared as univalents were assigned to the B genome. The remaining chromosome, which belonged to group 4 [41], was determined to be 4A. Further studies demonstrated the initial misclassification of the chromosomes 4A and 4B, and they were reassigned as 4B and 4A, respectively [44].



Its hexaploid constitution confers upon bread wheat the ability of tolerating the loss of complete chromosomes, as well as the addition of chromosomes from related species without drastically affecting the viability of the plant. This ability and the crossability of wheat with different species of genera Aegilops, Haynaldia, Secale, Thinopyrum, Elymus, Leymus, Elytrigia, Roegneria or Hordeum have permitted to develop wheat-alien addition and substitution lines. Sets of wheat-alien additions are derived from backcrosses of interspecific hybrids, or synthetic allopolyploids, with wheat. Such lines contain one chromosome (monosomic addition) or one chromosome pair (disomic addition) from a given specie added to the entire chromosome complement of common wheat. Additions from more than 20 related species have been reported in bread wheat [45]. Once a complete set of wheat-alien additions is obtained, the added chromosomes are assigned to homoeologous groups based on their genetic affinity to wheat chromosomes. In wheat-alien substitution lines a pair of alien homologues are substituted for a pair of wheat chromosomes. These lines are usually more stable than addition lines, but their production requires the use of wheat-alien additions. The standard method to obtain alien substitutions is to cross a disomic addition with a wheat monosomic of the same homoeologous group of the alien chromosome, and to select the disomic substitution in the offspring of the double monosomic obtained in the cross. In the case where the homoeologous relationships of the addition lines were not established, it is possible to cross a wheat-alien addition with seven monosomics. Among the substitutions obtained, only one involving homoeologous chromosomes will produce genetic compensating and fertile plants, thus identifying the homoeologous group of the alien chromosome. The ability of an alien chromosome to compensate for the absence of a wheat chromosome resembles the nullisomic-tetrasomic compensation test used by Sears [42] in the identification of the homoeologous chromosomes of wheat, and is the most efficient method of identifying the homoeology of alien chromosomes to wheat. Telocentrics produced through a mis-division of the added chromosomes have also been recovered, and these increase the richness of cytogenetic stocks available in wheat.



Once the homoeologous relationships of chromosomes from different genomes are identified, the level of synteny that they share can be assessed using different comparative analysis. Meiotic pairing [46], physical location of low copy DNA probes [47], genetic maps [48,49] and genome sequencing [50] are different approaches used to study whether collinearity of homoeologous chromosomes is preserved or broken down by rearrangements produced during genome differentiation.



2.1. Durum and Bread Wheats


Meiotic pairings have been used to study the chromosome structure of bread wheat genomes [46]. The wheat chromosome arms that paired at metaphase I in wheat × rye hybrids lacking either the Ph1 or Ph2 were identified by C-banding. In most cases associations occurred between homoeologous arms, but some associations were produced between chromosome arms of different homoeologous groups.



The 4AL arm was paired with 7AS and 7DS, 5AL with 4BL and 4DL, and 7BS with 5BL and 5DL. In addition, infrequent associations of 4AL-4DS, 4AS-4BL and 4AS-4DL were also observed. Such results indicated normal homoeology for all wheat chromosome arms except 4AS, 4AL, 5AL and 7BS. The arms 4AL, 5AL and 7BS are involved in a cyclic translocation and chromosome 4A in a pericentric inversion produced in the evolution of wheat. Meiotic pairing between chromosomes of tetraploid wheat T. turgidum and T. aestivum suggested the following sequence of chromosome rearrangements [51]. The arms 4AL and 5AL were involved in a reciprocal translocation, T(4AL-5AL)1 [52], produced during the evolution of the A genome, which was transmitted from T. urartu to T. turgidum. This and other chromosome rearrangements are described according to the standard nomenclature [53]. A second reciprocal translocation, T(4AL-7BS)2, and the pericentric inversion of chromosome 4A, Inv(4AS.4AL)1, occurred at the tetraploid stage. All of these chromosome rearrangements were transmitted to T. aestivum.



Differentiation of the chromosome structure of wheat genomes was also addressed by physical mapping. More than 60 full-length cDNAs were used as fluorescence in situ hybridization (FISH) probes, whose position was identified in the arms of the 21 chromosomes of hexaploid wheat [47]. Markers were selected to produce three different signals per chromosome arm located in proximal, intercalary and distal positions, respectively. Most of these probes hybridized to all of the three wheat homoeologs. The order and relative positions of the markers was similar in all chromosome arms, except in chromosome arms 2AS, 4AS, 4AL, 4BL, 6AS and 7BS. Such exceptions are the result of the evolutionary rearrangements of 4A, 5AL and 7BS, as indicated above, or the chromosome rearrangements which appeared in Chinese Spring and other cultivars.



A genetic map of wheat chromosomes, which was based on the arm location of 800 restriction fragment length polymorphism (RFLP) markers using aneuploidy stocks, confirmed the chromosome rearrangements detected with chromosome pairing [48]. Construction of linkage maps involving homoeologous group 4, 5 and 7 chromosomes revealed the presence of a paracentric inversion on chromosome arm 4AL, Inv(4AL.4AL)1 [49,54]. The use of the deletion stocks of wheat [55] allowed us to establish the distribution of different RFLPs markers along the wheat group 4 chromosomes, and a more precise identification of rearranged segments on chromosome 4A, as well as a pericentric inversion on chromosome 4B [56]. Using nulli-tetrasomic and ditelosomic lines and the deletion set of wheat group 4 chromosomes, the distribution of 1,918 expressed sequence tag (EST) loci along different bins of chromosomes 4A, 4B and 4D, was reported [57]. In addition to the identification of inversions Inv(4AS.4AL) and Inv(4AL.4AL)1 and the translocated segments from 5AL and 7BS, another pericentric inversion, Inv(4AS.4AL)2, was detected on chromosome 4A. Comparison of genome sequences of Ae. tauschii and wild T. turgidum ssp. dicoccoides was employed to identify the breakpoints in the rearrangements of chromosome 4A, 5A and 7B [52]. The breakpoints harboring the pericentric inversion Inv(4AS.4AL)1 were located in sequences containing satellite DNA, while those of reciprocal translocations T(4AL-5AL) and T(4AL-7BS) were situated in non-repeated DNA sequences. The breakpoints of the paracentric inversion Inv(4AL.4AL)1 overlapped with the breakpoints of Inv(4AS.4AL)1 and translocation T(4AL-7BS), which suggested that these three rearrangements occurred simultaneously. The breakpoints of pericentric inversion Inv(4AS.4AL)2 were not identified.



The shotgun sequence obtained from individual chromosome arms of Chinese Spring provided a map of 551 homoeologous genes, which denoted the presence of pericentric inversions in at least 10 of the 21 chromosomes [58]. It is likely that some of such rearrangements occurred during the production of the aneuploid lines used in the study. A mapping population of 445 recombinant inbred lines (RILs) obtained from the cross of durum wheat cv. ‘Langdon’ x wild emmer was developed and genotyped with single nucleotide polymorphism (SNP) markers to construct a high-density map of 2,650 segregating markers. An alignment of SNP markers in T. turgidum compared to that in Brachypodium distachyon, rice and sorghum, revealed the presence of 15 structural chromosome rearrangements, in addition to the already known rearrangements [59].



Intra-chromosomal translocations of short segments, a reciprocal translocation between 3B and 6B, a non-reciprocal translocation of a short 6BS segment to 7BL, and three large and one small paracentric inversions, were discovered. Genetic diversity in the rearranged chromosome 4A showed that the rearrangements could occur in the primitive tetraploid wheat.



Minor chromosome rearrangements due to gene locus deletion or gene locus duplication were detected in a sample of 3,159 Chinese Spring A- and D-genome gene loci. Such microsynteny perturbations occurred at both the diploid and polyploid levels, and showed a non-random distribution. Their occurrence correlated positively with the distance of the locus from the centromere [10].



Comparative studies revealed significant macro-collinearity between cereal genomes supporting that rice, sorghum and Triticeae originated from a common ancestor with a basic number of x = 12 chromosomes [60]. Rice maintains this chromosome number, but a reduction to x = 10 and x = 7 occurred in the divergence of sorghum and the ancestor of Triticeae, respectively. Comparison of the genome of Ae. tauschii with the rice and sorghum genomes revealed different chromosome rearrangements produced in the evolution of sorghum and Triticeae, and that reduction of the chromosome number was mainly produced by insertion of an entire chromosome in a break produced in the pericentromeric region of another chromosome. In some instance, the inserted chromosome underwent telomeres fusion accompanied with a break in the pericentromeric region [61]. Of 50 rearrangements detected, 40 were assigned to the Ae. tauschii lineage, while two and eight occurred in the evolution of rice and sorghum, respectively. This result suggested a more accelerated evolution of the large genome of the Triticeae species.




2.2. T. timopheevii


Sequential N-banding and in situ hybridization revealed two intergenomic translocations present in T. timopheevii [62]. These and other translocations were evidenced from chromosome pairing analysis in the hybrids between T. turgidum and T. timopheevii (AAtBG), between T. aestivum and T. timopheevii (AAtBGD) and between T. aestivum and T. turgidum (AABBD) [63,64]. Chromosomes 1At, 2At, 5At, 7At, 2G, 3G, 5G and 6G do not structurally differ from their counterparts of the A and B genomes. The remaining chromosomes are involved in five reciprocal translocations: T(4AtL-5AtL), which was inherited from T. urartu, and translocations T(6AtS-1GS), T(1GS-4GS), T(4GS-4AtL) and T(4AtL-3AtL), which were produced at the tetraploid stage, probably in that sequence. While A-A and A-At chromosome associations showed similar frequencies in interspecific hybrids, B-B associations were more frequent than B-G associations, denoting a higher differentiation of the B and G genomes relative to the A and At genomes. This behavior in addition to differences in the chromosome structure between T. turgidum and T. timopheevii support a diphyletic origin of these two tetraploid species. Comparative mapping using microsatellite markers confirmed the presence of translocation T(6AtS-1GS) [65,66], and revealed a paracentric inversion on 6AtL [65]. Genetic maps with a higher density are required for a more reliable knowledge of the structure of the At and G genomes.




2.3. The Sitopsis Section of the Genus Aegilops


Different studies have been reported on the chromosome structure of Ae. longissima (SlSl), Ae. sharonensis (SshSsh), and Ae. speltoides (SS), but little is known in the other two species of the Sitopsis section, Ae. bicornis and Ae. searsii. Chromosome pairing analysis in hybrids of hexaploid wheat and Ae. longissima showed that the arms 4SlL and 7SlL are involved in an evolutionary translocation, while 4SlS, 7SlS and chromosome arms 1Sl, 2Sl, 3Sl, 5Sl and 6Sl show normal homoeology to wheat [67,68]. Chromosomes of Ae. sharonensis and Ae. speltoides and their arms show normal homoeologous relationships to wheat as based on the wheat-Aegilops chromosome pairing [69,70].



A comparative map of 67 RFLP loci constructed in Ae. longissima confirmed that chromosomes 1Sl, 2Sl, 3Sl, 5Sl and 6Sl, the arms 4SlS and 7SlS, and the proximal regions of 4SlL and 7SlL are collinear with wheat D-genome chromosomes, and that the distal part of 4SlL was translocated from 7SlL [71].



A linkage map of Ae. sharonensis based on 377 Diversity Array Technology (DArT) and 12 simple sequence repeat (SSR) markers comprised 10 linkage groups, four of which were collinear with wheat chromosomes, and assigned to chromosomes 1Ssh, 2Ssh, 3Ssh and 6Ssh [72]. A further linkage map constructed with 727 oligo pool assay (OPA) markers allowed to assign the seven linkage groups to chromosomes 1Ssh to 7Ssh. Comparison of the OPA marker sequences with the barley genome sequences indicated that chromosomes of both species are highly collinear [73], which is in agreement with normal homoeologous relationships of the Ssh genome chromosomes to wheat. On the other hand, a genetic map of 137 loci constructed in Ae. speltoides compared to that of T. monococcum confirmed that the S genome conserves the gross chromosome structure of wheat [74].




2.4. Other Aegilops Species


Exploration of the chromosome structure in other Aegilops species has been based on genetic mapping and, in some instance, on physical mapping of low copy DNA sequences. Construction of a linkage map in Ae. umbellulata (UU), which was based on RFLP loci previously mapped in bread wheat, revealed that multiple chromosome rearrangements occurred in the evolution of this species. The U genome underwent a minimum of 11 reciprocal translocations and inversions to arrive at its current structure [75]. Additional possible rearrangements involving chromosomes 2U, 5U and 6U were supported by macrosyntenic comparisons of wheat and Ae. umbellulata chromosomes based on the chromosomal assignment of Conserved Orthologous Set (COS) markers in both species [76].



The M genome of Ae. comosa underwent some rearrangements relative to wheat. Chromosome 2M carries some genetic material from 5M, and a segment from 7M is present on 3M [76]. However, the M genome poses a chromosome structure more similar to that of wheat than the U genome.



A FISH map of 121 cDNA probes, with an average of 18 markers per chromosome, revealed the presence of evolutionary rearrangements in Ae. markgrafii (syn. Ae. caudata, genome CC) [77]. Chromosomes 1C and 5C are collinear to wheat chromosomes 1D and 5D. The other five chromosomes are highly rearranged. The density of markers per chromosome arm made possible to determine the positions of at least 19 breakpoints, which flanked adjacent rearranged chromosome segments with preserved synteny. Rearrangements consisted of pericentric inversions (chromosomes 2C, 3C, 4C and 6C), intra-chromosomal translocations (2C, 3C, 6C and 7C) and inter-chromosomal translocations between 2C-4C, 3C-4C and 6C-7C. In addition, one duplicated segment was found on chromosomes 6C and 7C, and three deletions on chromosomes 4C and 6C.




2.5. Rye


Chromosome pairing analysis of ph1b wheat x rye hybrids carrying diagnostic arm-specific C-banding markers showed normal homoeology of the rye chromosome arms lRS, lRL, 2RL, 3RS, 4RS and 5RS to wheat chromosomes. In contrast, 2RS, 3RL, 4RL, 5RL, 6RS, 6RL, 7RS and 7RL paired with wheat chromosomes from a different homoeologous group, denoting they were involved in evolutionary translocations [78,79]. A segment of 2RS showed some homoeology to 6AS, 6BS and 6DS, a distal segment of 3RLwas translocated from 6RL, 4RL carries a distal segment from 6RS and an intercalary segment from 7RS, a long distal segment of 5RL was translocated from 4RL, 6RL carries genetic materials from 3RL and 7RL, chromosome arm 7RS carries a translocated segment from 5RL, and 7RL contains some genetic material from 2RS.



A genetic map of rye constructed with RFLP markers confirmed the implication of six chromosomes in evolutionary rearrangements. Only chromosome 1R preserves the ancestral structure. Six translocations and one inversion were proposed to occur [80]. Later, a high-density linear gene-order map was established from combining a high-throughput transcript map covering 72% of the rye genes with chromosome survey sequencing. Seventeen conserved chromosome segments collinear with barley and wheat genomes were defined, and the sequence of translocations needed to reach this structure was suggested [9].




2.6. Barley


The first analysis of the barley chromosome structure relative to wheat was based on the compared positions of over 100 RFLP loci in the linkage maps of T. monococcum and barley [81]. The synteny of the Am and H genomes was shown to be highly conserved. They differ in the translocation T(4AL-5AL) present in T. monococcum and in two paracentric inversions that involve the long arm of group 1 and 4 chromosomes. A further reported genetic map constructed using 242 EST and 96 RFLP markers from barley confirmed structural differences detected between the long arms of group 4 and 5 chromosomes [82]. Assembly of 21,766 genes in a linear order and its comparison with high-density physical maps of the wheat A, B and D genomes, showed macro-synteny perturbation because of translocations involving chromosome arms 4AL, 5AL and 7BS, pericentric inversions produced in chromosomes 4A, 5A, 2B and 3B, and the absence of some homoeologous segments in chromosome arms 1AS, 1AL, 2AL, 2DL, 5AL, 5BL and 5DL [83]. In addition, a pericentric inversion was assumed to have occurred in chromosome 1H after divergence of the barley lineage. A high-quality reference genome assembly for barley was later reported [84].




2.7. Other Triticeae Species


Among wild Triticeae species, the crested wheatgrass, Agropyron cristatum, shows a high crossability with wheat and other species, and represents a potential source of genes controlling resistance to biotic and abiotic stresses. The homoeology relationships of the diploid A. cristatum (PP) chromosomes to wheat was analyzed by the FISH locations of 45 wheat full-length cDNA probes in the seven chromosomes of A. cristatum [85]. Chromosomes 1P, 3P and 5P seem to be collinear with wheat chromosomes, while the other four chromosomes show a collinearity distortion, such as a pericentric inversion on 4P, a paracentric inversion on 6PL, or a reciprocal translocation between 2PS and 4PL.



The genus Leymus includes about 30 allotetraploid species that share genomes Ns and Xm derived from Psathyrostachys and an unknown progenitor, respectively. Useful agronomically-important traits have been introduced in wheat, but the homoeologous relationships of the 14 Leymus chromosomes to wheat have not been identified. A genetic map containing 799 EST markers was constructed from fertile hybrids between both of the wild rye species L. triticoides and L. cinereus. Alignments of EST Leymus markers to barley EST maps evidenced the presence of a reciprocal translocation between 4NsL and 5NsL, which is absent in the Xsm genome [86].



Thinopyrum bessarabicum (JJ) is a diploid perennial maritime wheatgrass with genes for salt tolerance and diseases resistance that can be used in wheat breeding. The physical location of 1,150 SNP markers into 36 segments of the seven J chromosomes allowed us to construct a high-density molecular markers map. Synteny analysis with wheat evidenced rearrangements in the J genome, such as a reciprocal translocation between 4JL and 5JL, an interchange between centromeric segments of 2J and 5J, an intra-chromosomal translocation on 6JL, and a paracentric inversion on 7JS [87].



Intermediate wheatgrass (Thinopyrum intermedium) is a highly productive cool-season forage grass with resistance to drought, frost and many pests and diseases of wheat and other cereals. In addition, this species was identified as a good candidate for domestication and breeding as a perennial grain. Th. intermedium is an allohexaploid (2n = 6x = 42) whose most likely progenitors are the diploid species of Thinopyrum and Pseudoregneria. There are several proposed genome designations, one of which was JvsJvsJrJrStSt, where Jvs and Jr represent ancestral genomes of the extant Th. bessarabicum and Th. elongatum species, respectively, and St the genome of some diploid species of Pseudoroegneria from Eurasia [88]. Genotyping-by-sequencing was used to construct a genetic map containing 10,029 markers distributed among the 21 linkage groups of Th. intermedium [89]. Comparison of the 21 linkage groups of intermediate wheatgrass with the barley reference genome sequence evidenced three highly collinear homoeologous genomes syntenic with the barley genome with only one exception, a reciprocal translocation between two chromosomes homoeologous to 4H and 5H. This translocation was suggested to belong to the St genome, but the chromosome structure of the Th. bessarabicum genome is consistent with a translocation inherited from the donor of the Jvs genome.




2.8. Recurrence and Variable Frequency of Chromosome Rearrangements


Evolutionary chromosome rearrangements vary between the species studied. However, the reciprocal translocation between 4L-5L is present in different diploid and polyploid species. Because of the discovery of this translocation in wheat and rye, a possible monophyletic origin of this translocation in a common ancestor of both lineages was rejected, since the D genome of wheat, which is more closely related to the A genome than the R genome, does not carry this translocation [90]. This translocation is also absent in the genomes of the Aegilops species including Ae. tauschii, Ae. speltoides and Ae. sharonensis. This suggests independent origins for translocation 4L-5L in different lineages. Accordingly, although in rye and wheat the breakpoint positions are identical on 4RL and 4AL, they are different on 5RL and 5AL [91]. These sites were suggested to occupy chromosome rearrangements hotspots, as they coincide with inversion junctions produced in the Triticeae ancestor [91].



On the other hand, variation in the number of gross chromosome rearrangements among different species suggests that the chromosome structure does not evolve parallel to its genome differentiation. For example, despite the theory that Hordeum diverged much earlier than Aegilops, barley, Ae. tauschii, Ae. speltoides and Ae. sharonensis show a highly conserved synteny. In contrast, rye, Ae. umbellulata and Ae. caudata, all of which diverged later than Hordeum, underwent a considerable number of chromosome rearrangements. Two of these species, rye and Ae. caudata, have been shown to undergo introgressive hybridization during their evolution, which is considered the source of their highly rearranged genomes [9,77]. The role of interspecific hybridization on genome reorganization is also apparent in the formation of allopolyploids. Chromosome rearrangements produced in tetraploid wheats contrast the highly conserved synteny of their diploid progenitors. Allopolyploidy is usually accompanied by extensive genome reorganization and changes in gene expression within a short period of time in wheat and other plant lineages. Both the genetic control of pairing and the physical divergence of the homoeologous genomes are considered the genetic systems responsible for the cytological diploidization of polyploid wheat [92,93]. Consequently, interspecific hybridization appears as a releasing factor of genome reorganization, which may accelerate the diploidization of allopolyploids. When recurrent polyploid formation is accompanied with variable genome rearrangements, as in tetraploid wheats, structural chromosome differentiation may hinder the genetic flow between the polyploids of different origins and facilitate their speciation.





3. An Overview on Meiotic Recombination in Plants


Meiotic recombination is the cellular process that generates new allele combinations upon which natural or artificial selection can act to favor the establishment of better adapted genotypes, or more useful agronomical traits, respectively. Plant breeders search for novel varieties, which combine valuable traits present in different parental lines. The genetic information provided by both parents is reshuffled in the F1 hybrid meiosis, and genetic combinations of interest appear in the offspring. When traits of interest are controlled by non-linked genes, the searched gene combination is the result of random chromosome segregation at the anaphase I of the hybrid. In the case of joining alleles present in homologous (or homoeologous) chromosomes, intra-chromosomal homologous (or homoeologous) recombination is required. Intra-chromosomal homologous recombination is produced during the first meiotic division as a result of the repairing process triggered at leptotene by a programmed production of double-strand DNA breaks (DSBs) catalyzed by the topoisomerase-like SPO11 protein [94,95]. The repairing process is configured over an intact template that may reside in the sister chromatid or in a chromatid of the homologous partner. There is evidence that both pathways exist in meiosis, although meiotic chromosomes seem to be organized to facilitate the choice of homologous recombination [96]. Nucleo-filaments formed by 3′ single-strand DNA overhangs generated from each DSB bound to recombinases RAD51 and DMC1 to invade a double-strand DNA stretch of the homologous chromosome to find its complementary strand [97]. The use of a non-sister homologous template may culminate with either a reciprocal exchange of large homologous chromosome segments, i.e., a crossover (CO), or the non-reciprocal exchange of a small DNA sequence, i.e., a non-crossover (NCO).



The DSBs repairing process is broadly conserved among plants, and comprehensive insights on the underlying molecular mechanism have been provided in recent reviews [98,99,100]. Only a minor fraction (5% in Arabidopis, or maize) of the homologous interactions are resolved as COs. This is enough to ensure the occurrence of at least one CO, the obligatory CO, per chromosome pair. Most COs are processed in the class I pathway, which relies on a group of proteins called ZMMs (SHOC1/ZIP2, HEI10, ZIP4, MER3, MSH4, MSH5 and PTD) and two additional proteins MLH1 and MLH3 not included in the ZMM group [98]. A feature of the class I COs is that they prevent the occurrence of additional COs nearby. Class II COs are dependent upon structure-specific endonucleases including MUS81, and are insensitive to interference [101]. In addition to these two pathways that lead to the CO production, other mechanisms are involved in DSBs repairing. Three other groups of proteins are involved in the restriction of the CO number [99,100,102]: (i) FANCM and its cofactors MHF1 and MHF2 are thought to unwind post-invasion intermediates to promote NCOs through the synthesis-dependent strand annealing (SDSA) pathway, (ii) the BLM/Sgs1 helicase homologs RECQ4A/RECQ4B and the associated proteins TOP3α and RMI1, which process probably different recombination intermediates of FANCM, and (iii) FIGL1 and its partner FLIP, which may control the activity of the recombinases RAD51 and DMC1. Mutations that disrupt any of these three NCOs promoter pathways increase the frequency of class II COs dependent of MUS81 in Arabidopsis [102]. Recombination frequency increases with the distance to the centromere, and reaches maximum values in distal regions.



Regular segregation of homologous chromosomes at anaphase I is facilitated by the formation of chiasmata, which are visible from diplotene to metaphase I and represent the cytological expression of COs produced in previous stages. The occurrence of a CO between homologous chromatids happens in a context in which each member of the partner and its sister chromatid are held together by a number of ring-shaped cohesin complexes scattered along the chromosomes axes and formed after DNA replication. The cohesin complexes also play an additional role in the DSBs repairing process [103]. Cohesion is released from chromosome arms at anaphase I, but not from the centromere region, where sister kinetochores remain associated and oriented to the same pole [104]. Connections between sister kinetochores are resolved at anaphase II, allowing their segregation to opposite poles.



In most species, COs are non-randomly distributed along chromosomes. They are clustered at recombination hotspots that alternate with poor recombination domains. Initial steps of recombination are to some extent responsible for the CO distribution, but it is not clear whether the CO landscape mirrors the non-uniform DSBs’ positioning [105]. High-resolution maps of recombination events in plants show COs located in regions close to gene promoters and terminators [106]. While the DSB and CO maps are rather similar in Arabidopsis [107], they are very different in maize [108]. Only a quarter of DSBs produced in maize occur near genic regions, and can be processed as COs, the remaining DSBs situate in repetitive DNA, and do not form COs. Different patterns of CO distribution have been reported in plants. The most common situation is a pronounced localization in a distal euchromatic region. This is the case of maize [109] and Triticeae species [26,110,111,112,113], with an extremely distal location in Ae. speltoides [74]. Some species show a quite different pattern, for example, CO hotspots extend throughout the entire chromosome in Arabidopsis and rice [99], while most COs are located in the proximal quarter of the Allium fistulosum chromosomes [114].



Preferences for CO location in euchromatic regions suggest a specific role of chromatin structure in the recombination distribution. In fact, CO hotspots have low DNA methylation and transposons in some cereals [98]. In Arabidopsis, COs and recombination are correlated with active chromatin features, such as the modified histone H2A.Z, trimethylation of histone H3 on lysine 4 (H3K4me3), low DNA methylation, and low-nucleosome-density regions [115,116]. Epigenetic marks are also responsible for the absence of COs in centromeres and the surrounded heterochromatic regions of plant chromosomes.



Modification of pericentromeric epigenetic marks, such as histone 3 lysine 9 dimethylation (H3K9me2), and DNA methylation in CG and non-CG sequences in Arabidopsis defective mutants for the H3K9 methyltransferase genes KYP/SUVH4 SUVH5 SUVH6, or the CHG DNA methyltransferase gene CMT3, increases CO frequency in proximal regions, despite the fact that the total number of COs is not affected [117]. In addition to chromatin structure, the initiation of recombination changes across the telomere-centromere axis. DSBs appear initially in sub-telomeric CO-rich regions, and extend later to the intercalary CO-poor regions of barley chromosomes [113], which suggests that early recombination events are preferred for CO formation.



Homoeologous chromosomes are present in interspecific hybrids and allopolyploids, and represent potential partners to be involved in the DSBs’ repairing process. Such chromosome partner selection was found to be suppressed in hexaploid wheat by the action of the Ph1 locus of chromosome 5B [36,37]. Ph1 was first assigned to a structure composed of a segment of heterochromatin inserted into a cluster of seven cyclin-like-dependent kinase (CDK) genes [118]. This Ph1 assignment was later put into question by the meiotic phenotype of a different candidate gene, C-Ph1, which was silenced [119]. Included in the heterochromatin segment of chromosome 5B is the ZMM gene ZYP4 (TAZYP4-B2). This gene was proposed to be Ph1, as supported by the high level of homoeologous pairing found in the hybrids of two Tazyp4-B2 TILLING mutants and one CRISPR mutant of wheat with Ae. variabilis [120,121]. In addition, extensive analysis of RNA seq data in wheat, wheat x rye hybrids and triticale with and without Ph1, indicated that the silenced C-ph1 gene corresponded to a copy present on chromosome 5D, since the copy on chromosome 5B is not expressed at any meiosis stage [122]. Ph1 is the most effective suppressor gene of homoeologous recombination in polyploid wheats. Ph2, another suppressor located on chromosome arm 3DS, shows an intermediate effect [123]. Two main steps of bivalents’ formation seem to be under the action of Ph1: The suppression of recombination between homoeologous chromosomes, despite the fact that they form synaptonemal complex (SC) during zygotene, and the correction of SC multivalents to form two or more bivalents during pachytene [124]. However, how this can be accomplished is poorly understood.




4. Modulating the Meiotic Recombination Landscape for Cereal Improvement


The reference sequence of the wheat genome gives access to 107,891 genes, with an uneven distribution along the chromosomes [26]. Intercalary CO-poor regions harbor a larger fraction of genes than the highly recombinogenic distal regions. A similar genome organization is present in barley [84]. Increasing recombination in chromosome regions with low CO frequency is upmost in importance from the breeding perspective. A possible strategy would be to increase the overall CO frequency using anti-CO mutants. The TILLING mutants generated in tetraploid and hexaploid wheats, which are accessible in public databases [125], may be very useful for this purpose. Mutation of anti-CO genes greatly increase the CO frequency in Arabidopsis and in crops such as Brassica, rice, pea and tomato [106]. However, this strategy may fail in promoting CO in low-recombining regions of crops because, in Arabidopsis, extra COs fall into the highly recombining regions [102]. Approaches, such as manipulation of epigenetic marks associated with low recombining regions, or the induction of DSBs at specific chromosome sites by a fusion of SPO11 and different DNA-binding proteins, have been proposed to increase the CO number in intercalary or proximal regions [106]. Available stocks of wheat mutants [125] can also be used for the identification of candidate genes involved in chromatin organization, which might have some effect on meiotic recombination.



An alternative approach may be based on the environmental effect on meiotic development. A number of exogenous factors, including environmental stresses, agrochemical, heavy metals, combustible gases, pharmaceutical and pathogens, are known to affect meiosis in plants [126]. Many of these factors produce meiotic abnormalities such as laggards, univalents, bridges, stickiness, or precocious chromosome movements, which detract their practical value to modify the recombination pattern. Special attention has been received on the effect of temperature, which is species-specific. In Arabidopsis, the response to temperature variation follows a U-shaped curve with increased CO frequencies at low (8º) and high (28º) temperatures relative to a medium-range value (18º) [127]. Extra COs produced at extreme temperatures were of the class I pathway. In contrast, barley plants subjected at a temperature of 30º produce a lower number of chiasmata in male meiosis, which change their positions towards more proximal locations. Repositioning of recombination events affects only the class I COs [113,128]. Modification of nutrient concentration also affect the recombination frequency. Among Triticeae, a high phosphate level increases chiasma frequency in rye [129] and magnesium of the Hoagland’s solution increases CO frequency in wheat and the hybrids of wheat lacking Ph1 with related species [121]. However, it is unknown whether these nutrients modify the CO distribution or not.



Wild relatives are a source of variation for introgressing crops traits, providing tolerance to biotic and abiotic stresses. Introgression can be achieved through meiotic recombination between homologous chromosomes using wild species that share same genome with the crop. A number of genes providing resistance to diseases and pests were transferred from diploid and polyploid wild Triticum species to cultivated wheats [34,130]. Genetic variability is much higher in wild species containing genomes that are homoeologous to those of the crops. Transfer of useful genes from such species requires the induction of recombination between homoeologous chromosomes of the cultivated and wild species. This homoeologous recombination is induced in the absence of chromosome 5B, or using the deletion mutant ph1b, which lacks Ph1 [131]. This mutant line has the disadvantage of accumulating translocations between homoeologous chromosomes produced by meiotic recombination [132]. However, other mutants of the ZIP4-B2 gene in the Ph1 locus recently obtained, form only homologous bivalents at metaphase I, and preserve better the genome stability [120]. Another way of inducing homoeologous recombination is through the use of genes that suppress the effect of Ph1. Suppressors of Ph1 have been reported in Ae. speltoides and other species. One of the two major suppressor loci of Ae. speltoides, Su1-Ph1, which is located distally on the long arm of chromosome 3S, has been introgressed into chromosome 3A of hexaploid and tetraploid wheats [133] and can be used in interspecific gene transfer.



Pioneer works of wild introgression into wheat via homoeologous recombination were those transferring disease resistance genes from Ae. comosa and Ag. elongatum [134,135,136]. The transfer of resistance to the yellow rust Puccinia striiformis from Ae. comosa to wheat was induced by the Ae. speltoides genome. Plants homozygous for the resistant allele gave rice to the wheat variety known as Compare [134,135]. Recombination between wheat chromosomes 3D and 7D and their homoeologues of Ag. elongatum, produced in the absence of chromosome 5B, made possible the transfer to wheat of resistance to the leaf rust Puccinia recondita [136]. After these genetic transfers to wheat, many others have been produced. Species of the genus Aegilops represent a valuable source of genetic variability used in wheat improvement. Most Aegilops species were crossed with wheat to obtain amphiploids, and addition, substitution, translocation and segmental introgression lines. More than 40 resistance genes from the Aegilops species have been introgressed into wheat through chromosome translocation or homoeolgous recombination, and some of them have been used in wheat production [40]. An ample genetic variability present in perennial wild grasses and wild ryes has been incorporated also into the wheat genome in the form of amphiploids or derivatives such as addition, substitution or radiation translocation lines, as well as recombinant lines with segmental introgressions. Transfers involving Thinopyrum species have provided valuable contributions in wheat cultivar development [137].



Intercrops transfers have also been employed in some breeding programs. Many efforts have been made to use the gene pool of rye in wheat improvement. The production of hexaploid triticale AABBRR is a representative example of the success of combining the genomes of both species to produce an excellent feed crop. However, the highest potential of rye introgressions into wheat has been manifested in the production of a number of wheat cultivars carrying the wheat-rye translocations 1RS.1BL or 1RS.1AL, with a noteworthy positive effect on yield production [138]. Wheat-barley hybrids and introgressions have been produced also [139]. The transfer to wheat of barley genes controlling agronomical traits, such as drought tolerance, high β-glucan content, salt tolerance or earliness, is conditioned by the low crossability between both species. Efforts should be made to increase the efficiency of the crosses.



Hybrids between wheat and other Hordeum species have also been developed. Tritordeum, a H. chilense × durum wheat amphiploid, is the most successful introgression [140,141]. After the improvement of different agronomical traits in field experiments, Tritordeum became a synthetic cereal to some extent comparable to triticale. Recombination between the chromosomes of wheat and H. chilense has been induced in the absence of Ph1, supporting the idea that the transfer is possible using this approach [142].



In addition to the desirable gene, recombinant chromosomes carrying segments of wheat and alien chromosomes might carry other genes that reduce the agronomical value of the introgression. Therefore, primary recombinant chromosomes should be engineered to remove undesirable genes. This is possible after the production of sets of primary recombinant chromosomes formed by wheat-centromere-wheat/alien genetic material, which differ in the translocation breakpoint position, and their reciprocal counterparts, formed by alien-centromere-alien/wheat genetic material. Double heterozygotes containing chromosomes of the types wheat-centromere-wheat/alien and alien-centromere-alien/wheat, carrying the desirable gene from wild species, that undergo a CO in the overlapping alien region, produce secondary recombinants wheat-centromere-wheat/alien/wheat with the desirable gene into a shorter alien intercalary segment [143,144]. In the absence of such primary recombinant chromosome sets, the size of the translocated alien segment can be reduced in additional rounds of homoeologous recombination between the translocated alien segment and the standard wheat chromosome.




5. The Impact of Chromosome Rearrangements on Meiotic Recombination


CO frequency in Triticeae was estimated to range between two and three COs per chromosome, or more than one CO per chromosomal arm [112,145]. Distal confinement of the site of the first or only CO in each arm might be conditioned by the subtelomeric location of the initial interactions between homologs imposed by the bouquet arrangement [146]. In fact, distal recombinational events precede those more proximally located in barley [113]. CO interference could condition the formation and position of additional COs. Given the preferred distal localization of COs in many plant species, an alteration of the standard chromosome structure represents an approach used to understand the molecular basis underlying this recombination pattern. Chromosome structural mutants, such as deletions and inversions, which modify the relative position of the genetic material present in a given chromosome, have been produced in wheat, rye and Arabidopsis. In wheat, both types of chromosome mutants are viable in the homozygous and heterozygous conditions, and the same is with rye when the mutant chromosome is introgressed in wheat. Large deletions produced in Arabidopsis are viable only in heterozygotes [147]. Recombination in such heterozygotes denotes no major effect of the deletions in the total number of COs. The loss of COs at the deletion sites is compensated by increases in recombination frequencies elsewhere on the same chromosome. Thus, changes in the physical structure of a given chromosome redistribute the COs within that chromosome [147].



Studies using deletions and inversions in wheat and rye were aimed at verifying the ability of a given region to form CO after changing its position in the centromere-telomere axis. Heterozygotes for the loss of a long terminal segment of wheat chromosome arms 4AL, 2BL and 5BL underwent a considerable reduction of chiasma frequency at metaphase I in these arms, but the level of chiasmata became normal in homozygotes for the truncated arms [148]. On the other hand, homozygotes for the loss of the distal 25% of the 1BL arm, or the distal 41% of 5BL, increase the recombination rate of the middle arm region, without modifying that of the proximal region, relative to wild type plants [149,150]. These results suggest that the position of a segment in the telomere-centromere axis was a decisive factor in its capacity to produce a CO. However, other studies contradict this idea. Regardless, synapsis is completed, COs are infrequent in the proximal third of the rye chromosome arm 5RL, both in homozygotes for the standard chromosome 5R, and homozygotes lacking the distal 70% of its long arm [151]. Even more convincing is the effect of the repositioning from distal to proximal of the highly recombinogenic region of the arms 1RL of rye and 2BS and 4AL of wheat, as a result of large paracentric inversions. COs are restricted to the proximal region in all homomozygotes for the inversion [152,153,154].



Thus, CO distributions in the arms 4AL and 2BS of wheat and 1RL and 5RL of rye are not dependent of the distance to the telomere; other factors such the DNA sequence and the pattern of chromatin organization should condition the recombination landscape.



Given that the truncation of chromosome arms 1BL and 5BL increases the frequency of recombination in their middle region [149,150], a similar effect was expected in other chromosomes of wheat. Progressive shortening of the arms of wheat chromosomes 4A and those of the B genome by terminal deletions showed an apparent shift of the CO site from distal to middle-proximal regions [155]. Chiasmate associations at metaphase I of the truncated homologous arms estimated the CO frequency in the fraction of the arms present in homozygotes for terminal deletions of different size. According to the preferred distal localization of COs, a decrease in the CO frequency accompanied the progressive reduction of the arm length. The recombination level of the standard chromosome was not recuperated in most deletions, but a considerable increase in the middle chromosome arm regions was supported. Deletions with breakpoints in sub-distal sites in chromosome arms del2BS, del2BL and del6BS show higher CO frequencies than deleted arms with more distal breakpoints. Most of the COs produced in the intact chromosome 3B locate in the distal 68 Mb (~ 20% of the total arm) of 3BS and the distal 59 Mb (~ 14% of the total arm) of 3BL [112]. These chromosome segments are smaller than those missing in deletions 3BS-7 (25%) and 3BL-11 (19%). Lines for these two deletions show very high CO frequencies, 66% the 3BS-7 deletion line and 99% the 3BL-11 line [153], suggesting that the shortening of the chromosome arm increases the level of recombination in intercalary regions of chromosome 3B. The intercalary deletion of the ph1b mutant maps 0.9 cM from the centromere, which corresponds to a CO frequency of 0.018 [156]. Despite that the interval centromere-ph1b deletion is longer than the fraction of the 5BL arm present in the del5BL-5 truncated chromosome, homozygotes for the del5BL-5 deletion form at least one CO in the deleted arm in 62% of meiocytes. The increase of CO frequency in intercalary regions induced by terminal deletions seems to be common to most wheat chromosomes. The 1BS arm represents an exception, since different deletion lines show a low CO frequency. The reason of the CO redistribution in deletion lines is still unknown, but future research in this field can provide valuable information to modify the recombination landscape.



The frequency of association between the homoeologous arms of individual chromosomes of wheat, and between wheat and related species chromosomes, has been reported in interspecific hybrids of wheat with rye, Ae. longissima, Ae. sharonensis, Ae. speltoides or T. timopheevii [46,63,67,68,69,70,78,79]. The long arms of groups 1 and 2 chromosomes of wheat and rye differ in the amount of C-heterochromatin present in their subtelomeric regions. Such differences made possible to identify the parental heterochromatin constitution of chromosomes at anaphase I, as well as recombinant wheat-wheat (A-B and B-D) and wheat-rye (A-R, B-R and D-R) homoeologous chromosomes in ph1b ABDR hybrids. The recombinant chromosome ratio fits the frequency of association at metaphase I in all the different homoeologous arm combinations [78,157]. Thus the frequency of association at metaphase I between homoeologous arms represents a good estimate of the homoeologous recombination frequency.



Among bread wheat chromosomes, both arms of chromosome 4A, and the arms 5AL and 7BS are involved in evolutionary chromosome rearrangements. The same happens with rye chromosome arms 2RS, 3RL, 4RL, 5RL, 6RS, 6RL, 7RS and 7RL, which are involved in multiple translocations relative to the wheat D genome, as well as with the arms 4SlL and 7SlL of Ae. longissima. In both ph1b mutant wheat × rye and ph1b wheat × Ae. longissima hybrids, the frequencies of all possible associations wheat-wheat (A-B, A-D, and B-D), wheat-rye (W-R) and wheat-Ae. longissima (W-Sl), are known. Thus, it is possible to assess the effect of chromosome structure on homoeologous recombination by a comparison of the level of recombination between chromosome arms showing normal homoeologous relationships and those rearranged during evolution. Mean frequencies of wheat-wheat, wheat-rye and wheat-Ae. longissima associations involving arms with conserved macro-synteny, or arms with gross rearrangements, are given in Table 1.



Although there are differences between short and long arms, as well as between homoeologous groups, on average, chromosome rearrangements cause a considerable reduction of homoeologous recombination, and may represent an obstacle in the transfer of genes located in rearranged chromosome arms. Exceptions are the 5RL arm of rye [78] and the 4SlL of Ae. longissima [67], which probably carry long translocated segments.



T. timopheevii chromosomes evolved a different structure from that of T. durum and T. aestivum, despite the theory that the donors of the At and A genomes, and of the G and B genomes, are considered to be T. urartu and Ae. speltoides, respectively, in both lineages [63,64]. All three species share translocation T(4AL-5AL). However, while the inversions in 4A and translocation T(4AL-7BS) occurred in T. turgidum, four different translocations involving the arms 3AtL, 4AtL, 6AtS, 1GS and 4GS appeared in T. timopheevii. The effect of structural differences on the frequency of the At-A and G-B associations in interspecific hybrids between these three species is shown in Table 2. There is a considerable reduction of the recombination frequency between arms showing differences in the chromosome structure. The effect is more apparent among the G-B associations, which, on average, are less frequent than the At-A associations.



Superimposed to the effect of chromosome structural differentiation on homoeologous recombination is the effect of the level of genetic affinity between cultivated and wild species, which is a result of their phylogenetic relationships. Chromosomes of species very distant in their evolution have a lower frequency of recombination than chromosomes of species with a higher closeness. This is apparent when the results obtained in wheat × Aegilops and wheat × rye hybrids are compared (Table 1). Chromosomes of Ae. longissima, Ae. sharonensis and Ae. speltoides, which are more closely related to wheat than to rye chromosomes, recombine with wheat chromosomes, especially with those of the B genome, much more frequently than with rye chromosomes. Accordingly, At-A chiasmate associations are more frequent than B-G associations in AAtBG and AAtBGD wheat hybrids (Table 2). Both conservation of macro-synteny and genetic differentiation are factors conditioning interspecific introgressions.




6. Concluding Remarks


Modulating the recombination landscape is of supreme importance for crop breeding, since a considerable number of genes with agronomical relevance are located in crossover-poor chromosome regions. Truncation of wheat chromosomes has been shown as a very useful way of increasing the recombination frequency in their intercalary regions. This approach is, of course, inviable in diploid crops and, most likely, it does not have an immediate application in wheat production. However, it may represent a reference to investigate the reason why such regions produce more COs in the truncated chromosomes than in the standard ones. Homologous and homoeologous recombinations show similar distribution patterns, and therefore, achievements reached in the first are also of interest for the second. A structural differentiation of chromosomes from different species has a negative effect on meiotic recombination between such chromosomes. This is probably a consequence of disturbances on chromosome interactions caused by the absence of synteny. In such cases, introgressions should be carried out using other methods such as radiation. Thus, the chromosome structural organization of related genomes is of interest in designing strategies of the introgression of useful genes into crops. Recent advances in the knowledge of wheat and related species’ genomes will facilitate a rapid progress of future research projects aimed to introgress useful agronomical traits into wheat and other crops. Genomic datasets for wheat and some related species, which are of public access (htps://plants.ensambl.org), make possible the analysis of any region with its gene content and the comparison among different species. Expression profiles are available in a considerable number of tissues, including meiotic cells. Thus, expression patterns of genes identified in different species can be compared to homoeologous genes of wheat. This reinforces polyploid wheat as a very powerful model system for study, propelling it into the mainstream of the global plant research community.
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Table 1. Average frequency (%) of association at metaphase I between syntenic and rearranged homoeologous arms in hybrids of the ph1b mutant wheat (W) with rye (R) or Ae. longissima (Sl).
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Homoeologous Association

	
Syntenic Arms

	
Rearranged Arms

	
Reference






	
A-B-D

	
4.67

	
0.95

	
[44]




	
A-B

	
7.68

	
3.55




	
A-D

	
60.52

	
12.05




	
B-D

	
17.48

	
0




	
W-R

	
10.76

	
3.51

	
[78]




	
W-Sl

	
56.86

	
25.3

	
[67]
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Table 2. Average frequency (%) of association at metaphase I between syntenic and rearranged chromosome arms of the A and At genomes and the B and G genomes in T. timopheevii × T. turgidum (AtAGB) and T. timopheevii × T. aestivum (AtAGBD) hybrids.
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Hybrids

	
Association Type

	
Syntenic Arms

	
Rearranged Arms

	
Reference






	
AtAGB

	
At-A

	
93.19

	
54.87

	
[63]




	
G-B

	
45.89

	
8.5




	
AtAGBD

	
At-A

	
89.16

	
57.7




	
G-B

	
27.93

	
7.9
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