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ABSTRACT 

Wheat (genome AABBDD) is one of the essential crops, offering approximate 20% of 

human calorie consumption worldwide. Allopolyploidization of three diploid ancestors led to 

hexaploid wheat with narrowed genetic variation. Chromosome engineering is an applicable 

approach to restore the evolutionarily-omitted genetic diversity by homoeologous chromosomes 

recombination between wheat and its relatives. Two diploid relatives of wheat, Thinopyrum 

elongatum (genome EE) and Aegilops speltoides (genome SS), containing favorable genes, are 

used as gene resources for alien introgression and genome diversification in wheat. An advanced 

and effective experiment procedure was developed and applied for the production, recovery, 

detection, and characterization of homoeologous recombinants. Meanwhile, a novel recombinant 

chromosome recovery strategy was exploited with improved efficiency and accuracy.  

In this study, recombinants of wheat chromosomes 3B and 7B with their homoeologous 

chromosomes in Th. elongatum and Ae. speltoides (i.e. 3B-3E, 7B-7E, and 7B-7S) were 

produced and detected. Totolly, 81 3B-3E recombinants and four aberrations involving in 

distinct chromosomal regions were developed in three recombination cycles by fluorescent 

genomic in situ hybridization (FGISH). The secondary and tertiary recombination breakpoints 

occurred toward the proximal regions comparing to the primary recombination under this 

advanced recombination procedure. A novel recovery strategy was used to recover 7B-7E and 

7B-7S homoeologous recombinants by chromosome-specific markers and FGISH verification. 

Marker-based pre-screening and subsequent FGISH verification identified 29 7B-7E and 61 7B-

7S recombinants, seven 7B-7E and four 7B-7S Robertsonian translocations, one 7E and five 7S 

telocentric chromosomes, and three 7S deletions. All the recombinants and aberrations were 

genotyped by high-throughput wheat 90K single nucleotide polymorphism (SNP) assay and the 
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recombination breakpoints were physically mapped to wheat chromosome 3B or 7B according to 

their FGISH patterns, SNP results, and wheat reference genome sequence. Chromosome 3B was 

physically partitioned into 38 bins with 429 SNPs. Meanwhile, 44 distinct bins were resolved for 

chromosome 7B with 523 SNPs. A composite bin map was constructed for chromosomes 3B and 

7B, respectively, with a comprehensive analysis of FGISH and SNPs results. In summary, this 

project provides a unique physical framework for further wheat genome studies and diversifies 

the wheat genome for germplasm development in wheat breeding. 
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CHAPTER 1. GENERAL INTRODUCTION 

Common wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) is an allohexaploid with 

three subgenomes. It originated from two distinct spontaneous hybridization involving three 

diploid ancestors (McFadden and Sears, 1946; Riley et al., 1958a; Dvorak et al., 1993; Huang et 

al., 2002; Jauhar, 2007; Feldman and Levy, 2012; Pont et al., 2019). The first hybridization 

occurred between Triticum urartu (2n = 2x = 14, AA) and Aegilops speltoides-related lineage (2n 

= 2x = 14, BB) and the second one occurred between T. turgidum (2n = 4x = 28, AABB) and Ae. 

tauschii (2n = 2x = 14, DD) (Kihara, 1944; McFadden and Sears, 1946; Dvorak  et al., 1993; 

Blake et al., 1999; Petersen et al., 2006; Feldman and Levy, 2012; Zhang et al., 2018a; Pont et 

al., 2019). The ancestor of the wheat B subgenome remains obscure. A recent study reported that 

the wheat B genome was evolved from multiple ancestors, and Ae. speltoides is one of them 

(Zhang et al., 2018a). Hexaploid wheat has a narrowed genetic variation due to the allopolyploid 

origin of its genome. This has made wheat vulnerable to many biotic and abiotic threats (Brown 

et al., 2009; Peng et al., 2011; Faris, 2014; Marcussen et al., 2014; Zhang et al., 2019). 

Wheat chromosome engineering is the technology to modify chromosome number, 

ploidy, or structure for wheat genetic improvement. It has been used to incorporate favorable 

genes from wheat relatives into the wheat genome for germplasm and variety development 

(Zhang et al., 2019). Construction of wheat-alien addition, substitution, or translocation lines can 

incorporate alien genes into the wheat genome. Alien chromosomes may contain favorable as 

well as deleterious genes. Thus, the addition and substitution lines are generally not utilized 

directly in wheat breeding for variety development. Instead, they are used as bridge materials for 

alien introgression in pre-breeding. Wheat-alien translocations involving distinct alien 
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chromosome segments can reduce the linkage drag and minimize the chance of incorporating 

undesirable genes into the wheat genome. 

Wheat-alien translocations can be induced by irradiation, gametocidal chromosome or 

meiotic homoeologous recombination. Irradiation and gametocidal genes (Gc) induce 

chromosome breakage and fusion randomly. Meiotic homoeologous recombination produces 

reciprocal translocations, which are genetically more stable than irradiation- or Gc gene- induced 

translocations. Homoeologous recombination-based chromosome engineering is an effective 

approach for alien gene introgression and wheat genome studies. Wheat relatives containing 

favorable genes are used as donors for gene introgression and wheat genome diversification. The 

wild relatives of wheat Aegilops speltoides and Thinopyrum elongatum contain various 

beneficial genes, including those for resistance to stem rust, stripe rust, SNB, or tan spot. They 

were used in this study for wheat chromosome dissection and introgression. However, the 

meiotic homoeologous recombination frequency is low because of the existence of Ph (pairing 

homoeologous) genes in wheat, which ensure homologous pairing and prevent homoeologous 

pairing. The absence of Ph gene, such as nullisomy for Ph1 and ph1b mutant, induces 

homoeologous pairing and recombination (Riley and Chapman, 1958b; Riley et al., 1959; Sears, 

1977; Qi et al., 2007). The ph1b-induced homoeologous recombination produces compensating 

translocations useful for wheat germplasm and variety development in wheat breeding. 

Alien chromosomes or segments can be differentiated from wheat chromosomes by 

fluorescent genomic in situ hybridization (FGISH) as well as molecular markers (Schwarzacher 

et al., 1992; Cai et al., 1998; Zhang et al. 2018b). FGISH allows for a directvisualization of 

wheat and alien chromosomes and their recombination, but it is a time-consuming process. The 

SNP-derived PCR markers, including semi-thermal asymmetric reverse PCR (STARP) and 
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kompetitive allele specific PCR (KASP), have been developed and applied to recover 

homoeologous recombinants (Neelam et al. 2013; Long et al., 2017; Zhang et al., 2017, 2018b). 

The molecular marker-mediated recombinant detection can be verified by FGISH. The 

integrative molecular marker and FGISH analysis offers an effective approach for wheat-alien 

recombinant detection in an improved throughput (Zhang et al., 2018b; Zhang et al. 2020).   

There were three aims involved in this study. The first aim was to develop an advanced 

and efficient procedure to induce, recover, detect, and characterize meiotic homoeologous 

recombination. The second aim was to manipulate wheat chromosomes 3B and 7B through 

meiotic recombination with its homoeologous counterparts in Ae. speltoides and Th. elongatum, 

respectively, for the development of homoeologous recombinants. The third aim was to dissect 

and physical map wheat chromosome 3B and 7B using the high-throughput genotyping platform 

for the construction of a composite bin map for chromosome 3B and 7B, respectively.  
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CHAPTER 2. LITERATURE REVIEW 

Wheat origin, evolution, and domestication 

Taxonomy of wheat 

Triticum L. genus belongs to Plantae kingdom, Monocots Clade, Poales Order, Poaceae 

Family, and Triticeae tribe. Wheat taxonomy had a long history, and the first classification of 

Triticum was estimated in 1753. There are two main wheat classifications, one is Mac Key’s 

classification (Key, 1966, 1977, 2005) and another is Goncharov’s classification (Goncharov, 

2005). To simplify the understanding of wheat classification, Triticum species are classified into 

three sections based on ploidy: Monococca Flaksb. (T. monococcum and T. urartu), Dicoccoidea 

Flaksb. (T. turgidum and T. timopheevii), and Triticum (T. aestivum and T. zhukovskyi) (Table 

2.1) (van Slageren, 1994; Goncharov, 2002; Goncharov et al., 2009).  

Wheat is one of the essential crops for human consumption worldwide (Shewry, 2009). T. 

aestivum L. subsp. aestivum (common wheat, AABBDD, 2n = 6x = 42) is the most widely grown 

species, producing 95% of wheat products, such as bread, noodles, cakes, and cookies. T. 

turgidum subsp. durum (durum wheat, AABB, 2n = 4x = 28) is consumed as the other 5% of 

wheat products, such as pasta or other semolina products (Gill et al., 2004; Faris, 2014; Venske 

et al., 2019). T. monococcum, T. urartu, T. timopheevii, and T. zhukovskyi are not grown as major 

food sources for humans.  

Aegilops is the closest related genus to Triticum, containing 11 diploids, 10 tetraploids, 

and 4 hexaploids. Most of them were found in Mediterranean climate areas (van Slageren, 1994; 

Schneider et al., 2008; Feldman and Levy, 2012). Aegilops genus has extremely diverse genomes 

including D, S, U, C, N, and M. Diploid Ae. caudata is the only species with the C genome and 

Ae. tauschii is the D genome donor of hexaploid wheat. Ae. speltoides, Ae. bicornis, Ae. 
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longissima, Ae, searsii, and Ae. sharonensis are all diploids of S genome. Ae. comosa, Ae. 

uniaristata, Ae. mutica, and Ae. umbellulate has genome M, N, T, and U, respectively. The 

genome of tetraploid or hexaploid wheat consists of two or more ancestral species under 

Aegilops (van Slageren, 1994; Zhang and Cai, 2019). 

Table 2.1. The classification of Triticum genus 

Section Speciesa Ploidy Genome 
Monococca Flaksb. T. urartu Tumanian ex Gandilyan 2n = 2x = 14 Au 

 T. monococcum L.  
subsp. aegilopoides (Link) Thell. 2n = 2x = 14 Am 

             subsp. monococcum 2n = 2x = 14 Am 
Dicoccoidea Flaksb. T. turgidum  

subsp. dicoccoides (Körn.ex Asch. 
& Graebner) Thell. 

2n = 4x = 28 BAu 

 subsp. dicoccum (Schrank ex    
            Schübler) Thell. 

2n = 4x = 28 BAu 

 subsp. paleocolchicum (Menabde)  
            Á.Löve & D.Löve 

2n = 4x = 28 BAu 

 subsp. turgidum 2n = 4x = 28 BAu 
 subsp. durum (Desf.) Husnot  2n = 4x = 28 BAu 

             subsp. turanicum (Jakubz.) Á.Löve  
            & D.Löve 

2n = 4x = 28 BAu 

             subsp. polonicum ((L.) Thell.  2n = 4x = 28 BAu 

             subsp. carthlicum (Nevski in  
            Kom.) Á.Löve & D.Löve 

2n = 4x = 28 BAu 

 
T. timopheevii (Zhuk.) Zhuk.  

subsp. armeniacum (Jakubz.)   
MacKey 2n = 4x = 28 GAmu 

             subsp. timopheevii 2n = 4x = 28 GAmu 
Triticum T. aestivum L. 

subsp. aestivum  2n = 6x = 42 BAuD 
 subsp. spelta (L.) Thell. 2n = 6x = 42 BAuD 
 subsp. compactum (Host) MacKey 2n = 6x = 42 BAuD 

 subsp. macha (Dekapr. & Menabde) 
MacKey 

2n = 6x = 42 BAuD 

 
subsp. sphaerococcum (Percival) 
MacKey 

2n = 6x = 42 BAuD 

 T. zhukovski Menabde & Ericzjan 2n = 6x = 42 GAuAm 
aSpecies designation according to van Slageren (1994) 
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Origin and evolutionary of polyploid wheat 

Wheat has a long and obscure evolutionary history. Taxa Triticum and Aegilops were 

given rise from a primary 7-chromosome common ancestor about 3 million years ago (MYA). 

Aegilops evolved and gave rise to D-genome and S-genome progenitor around 2.6 MYA 

(Dvorak et al., 1993; Dvorak and Akhunov, 2005; Faris, 2014; Middleton et al., 2014). The 

genus Triticum originated in Fertile Crescent of the Middle East, and two A-genome wild 

diploids were developed under this genus, T. urartu (AuAu, 2n = 2x = 14) and T. monococcum 

(AmAm, 2n = 2x = 14) (Faris, 2014). Aegilops tauschii (DD, 2n = 2x = 14) and Aegilops Sitopsis 

section originated from a common ancestor and contain D and S genome, respectively. (Blake et 

al., 1999; Huang et al., 2002; Salamini et al., 2002; Chalupska et al., 2008; Salse et al., 2008; 

Feldman and Levy, 2009; Faris, 2014; Marcussen et al., 2014; EI Baidouri et al., 2017; Pont et 

al., 2019; Venske et al., 2019). Diploid T. urartu is the A genome ancestor and Ae. tauschii is the 

D genome ancestor of wheat. Wheat B genome ancestor remains obscure and it might originate 

from multiple ancestors (Zhang et al., 2018a). Aegilops speltoides-related lineages are considered 

as the B genome donor. 

Wheat originated from two times of hybridization and spontaneous chromosome 

doubling (Dvorak et al., 1993; Cai and Xu, 2007; Faris, 2014). The first hybridization occurred 

between T. urartu and Ae. speltoides-related lineages around 0.5 MYA. The wild tetraploid 

wheat (T. turgidum subsp. dicoccoides, AABB, 2n = 4x = 28) had been developed in this 

polyploidization process. Hexaploid wheat (AABBDD, 2n = 6x = 42) arose from the second 

hybridization between domesticated tetraploid wheat (T. turgidum subsp. dicuccum, AABB, 2n = 

4x = 28) and diploid Ae. tauschii about 8,000 years ago (Faris, 2014; Pont et al., 2019). 
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With the advances in genome sequencing technologies and sequence analysis tools, the 

genomes of common wheat, emmer wheat, and diploid ancestors have been sequenced and 

assembled [Choulet et al., 2014; Avni et al., 2017; Luo et al., 2017; International Wheat Genome 

Sequencing Consortium (IWGSC), 2018; Ling et al., 2018]. The genome sequence data led to the 

analysis of wheat classification and the ancient hybridization events at the genome level, and a 

new wheat evolutionary perspective has been proposed. Marcussen et al. (2014) annotated that 

wheat D genome originated from A and B genomes homoploid hybridization 5~6 million years 

ago by analyzing the genome-wide gene trees among common wheat and five diploid relatives. 

Glémin et al. (2019) gave a comprehensive transcriptome data analysis of all diploid species and 

proposed that more than half of the diploid species originated from an ancient hybridization. 

They confirmed that wheat D genome evolved from hybridization between the A and B genome 

ancestors.  

Domestication of wheat 

The only domesticated diploid wheat is einkorn (T. monococcum L. subsp. monococcum, 

2n = 2x = 14, AmAm) for acquisition of non-brittle rachis 10,000 years before the present (Heun 

et al., 1997). Meanwhile, tetraploid progenitor, T. turgidum ssp. dicoccoides, had been selected 

for non-brittle rachis (Salamini et al., 2002; Luo et al., 2007; Dvorak et al., 2011; Faris, 2014). 

The domesticated tetraploid wheat T. turgidum subsp. dicoccum (2n = 2x = 28, AABB) was 

developed in the southern Levant and southeastern Turkey 9,000-9,500 years ago (Faris, 2014). 

Then, the free-threshing tetraploid wheat appeared 8,000-9,000 years ago in the Prepottery 

Neolithic, which was known as T. turgidum ssp. parvicoccum. Hexaploid wheat originated from 

domesticated T. dicoccum and Ae. tauschii with non-brittle rachis and free-threshing spike traits  

about 8,000 years ago. Therefore, there was no wild hexaploid wheat in nature (Nesbitt, 2001; 
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Brown et al., 2009; Shewry, 2009; Dvorak et al., 2011, Peng et al., 2011; Faris, 2014; Avni et al., 

2017; Pont et al., 2019; Venske et al., 2019).  

Wheat had been spread and domesticated for the environment and agronomic adaptation 

by taking reproductive control and modification. The first and the most crucial trait modification 

was the acquisition of non-brittle rachis, allowing farmers to harvest the mature grain efficiently 

without spikelet premature dropping off. Meanwhile, some other traits were modified for human 

purposes, such as free-threshing spikes, loss of seed dormancy, larger seed, and high quality 

(Harlan et al., 1973; Faris, 2014). Many plants were domesticated sharing a set of traits, such as 

flowering time, plant height, grain yield, spike or kernel numbers, and growth habits. This 

scenario was known as domestication syndrome (Campbell et al., 2003; Peng et al., 2003; Meyer 

and Purugganan, 2013). More domestication genes remain to be discovered and utilized by 

computational analysis of the nucleotide diversity in wild diploid, tetraploid, and domesticated 

hexaploid wheat (Pont et al., 2019). 

Wheat genome and chromosomes 

Wheat genome 

Wheat has a large, complex, and flexible genome. The estimated size of the wheat 

genome is 17 GB with 80% of repetitive transposable elements (TEs) (Eilam et al., 2007; Wicker 

et al., 2011; Zimin et al., 2017b; IWGSC, 2018). The wheat whole genome survey sequence was 

announced through isolating, sequencing, and the de novo assembly of each individual 

chromosome arm of the hexaploid wheat cultivar Chinese Spring (CS) (IWGSC, 2014). With an 

improved sequencing techniques and advanced assembly algorithms, wheat ancestors, T. urartu 

and Ae. tauschii, wild tetraploid, durum wheat, hexaploid, and other wheat relatives are 
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sequenced and available for wheat genome studies (Avni et al., 2017; IWGSC, 2018; Luo et al., 

2017; Ling et al., 2018; Maccaferri et al., 2019; https://wheat-urgi.versailles.inra.fr).  

The genome sequences of Ae. tauschii was assembled in the size of 4.48 Gb, and over 

43,000 protein-coding genes has been predicted (Jia et al., 2013; Luo et al., 2013; Zimin et al., 

2017a). Zimin et al. (2017b) reported that wheat D subgenome sequences were similar with Ae. 

tauschii, The difference of genome size between wheat D subgenome and Ae. tauschii appeared 

due to gene loss or gain during evolution (Brenchley et al., 2012; IWGSC, 2014). The A 

subgemone ancestor, T. urartu, was sequenced and assembled in the length of 4.86 Gb, closely to 

the estimated genome size (4.94 Gb). Over 40,000 protein-coding genes has been predicted for T. 

urartu (Ling et al., 2018). The genome sequences of wild tetraploid wheat (T. turgidum subsp. 

dicoccoides) and durum wheat cultivar Svevo were assembled in 10.10 Gb and 10.45 Gb, 

respectively (Avni et al., 2017; Maccaferri et al., 2019). IWGSC annotated hexaploid wheat [T. 

aestivum cv. Chinese Spring (CS)] reference sequence with 94% of the estimated genome 

coverage and over 100,000 high-confidence gene models. The assembled genome sequence for 

A, B, D subgenomes is 4.94 Gb, 5.18 Gb, and 3.95 Gb, respectively, with an average of 84.7% 

TEs. Wheat B subgenome had a higher number of gene loci and larger chromosomes assembled 

sequence size than A and D subgenomes (IWGSC, 2018). The genome assembly of CS was 

improved from whole genome shotgun PacBio SMRT (Single-molecule real-time) sequencing 

reads, and IWGSC RefSeq v2.0 assembly is available online (https://wheat-

urgi.versailles.inra.fr/Seq-Repository/Assemblies). The genome resources of hexaploid, 

tetraploid, and its relatives are available to explore the wheat evolutionary history by 

comparative analysis and are used as genetic sources for wheat breeding improvement.  
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Wheat chromosomes  

The diploids (2n = 2x = 14), tetraploids (2n = 4x = 28), and hexaploids (2n = 6x = 42) 

comprise a polyploid series based on x = 7. A complete wheat chromosome contains a short arm, 

long arm, centromere, and telomere. Some chromosomes have a satellite as well, such as wheat 

chromosomes 1B and 6B. The chromosome structure can be visualized clearly by an optical 

microscope during metaphase of mitosis and meiosis. The differences of chromosomes length 

can be distinguished at metaphase. The standardized B subgenome chromosome length is longer 

than A and D subgenomes, and D subgenome is the shortest (Dvorak et al., 1984).  

Wheat chromosomes can be visualized and identified by chromosome landmarks by 

chemical treatment and subsequent chromosomes staining. There are several cytological 

techniques are used to generate specific chromosome transverse bands, i.e. chromosome 

banding, fluorescent in situ hybridization (FISH), genomic in situ hybridization (GISH), and 

CRISPR/Cas9-mediated fluorescent in situ hybridization (CASFISH) (Gill and Kimber, 1974; 

Gerlach, 1977; Schwarzacher et al., 1992; Jiang and Gill, 1993; Beliveau et al., 2012; Deng et 

al., 2015). Acetocarmine/N-banding and acetocarmine–Giemsa C-banding techniques are used to 

identify wheat chromosomes based on wheat chromosome heterochromatin distribution. N-

banding differentiates 16 chromosomes of common wheat, and C-banding can dinstinguish all 21 

wheat chromosomes from each other (Gill and Kimber, 1974; Endo and Gill, 1984a, 1984b; 

Endo, 1986). Moreover, wheat chromosomes can be visualized and differentiated by GISH and 

FISH using specific genomicDNA probes. FISH-painted wheat chromosomes exhibit different 

stains using repetitive DNAs, pSC119.2 and pAS1, labeled with multiple fluorochromes for 

wheat chromosome indentification (Danilova et al., 2012; Zhang et al., 2017). 
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Chromosome engineering-based gene introgression in wheat 

Wheat gene pools 

The tribe Triticeae, containing more than 500 species, has been divided into three 

different gene pools based on the evolutionary distance and cross ability: primary gene pool, 

secondary gene pool, and tertiary gene pool (Jiang et al., 1994; Cai et al., 2005; Naranjo, 2019). 

Hexaploid wheat T. aestivum (AABBDD), tetraploid wheat T. turgidum (AABB), diploid wheat 

Ae. tauschii (DD) belong to the primary gene pool. Wheat ancestors and other closely related 

species consist of the secondary gene pool, such as the A genome carrier T. monococcum and T. 

urartu, B genome-related species Ae. speltoides (2n = 2x = 14, SS), the D genome cluster of 

other Aegilops species, and tetraploid wheat T. timopheevii (2n = 4x = 28, AAGG). The other 

Triticeae species carrying other than A, B, and D genomes constitute the tertiary gene pool, such 

as Thinopyrum elongatum (2n = 2x = 14, EE), Secale cereale (2n = 2x = 14, RR), and Th. 

intermedium (2n = 6x = 42, JJJvsJvsStSt) (Qi et al., 2007). 

Intraspecific or intragenomic chromosome recombination can occur between wheat 

species in the primary gene pool (Cox, 1991; Dvorak et al., 1993; Huang et al., 2002). Gene 

introgression from secondary gene pool into the primary has been accomplished through directly 

crossing and backcrossing to induce homologous or homoeologous recombination (Friebe et al., 

1996; Qi et al., 1997; Zhang et al., 2015). It is generally difficult to achieve gene introgression 

from the tertiary gene pool into the wheat genome because of the low homology of their 

genomes. Specific physical or chemical treatment or gene-controlled homoeologous 

chromosome pairing and recombination can induce chromosome breakage and rearrangement, 

achieving gene introgression from the tertiary gene pool into the primary gene pool (Qi et al., 

2007; Niu et al., 2011; Zhao et al., 2013; Zhang et al., 2017).   



 

 15

Chromosome engineering in wheat 

Global wheat yield has increased by less than 1% in recent years, while the demand for 

wheat production is expected to increase 60% by 2050. Therefore, the global wheat yield must 

increase by ~1.6% annually to meet the global demand. The biotic threat causing 20% of wheat 

yield losses each year, is the substantial barriers for wheat yield improvement (Oerke, 2006). 

Wheat breeders strive to develop wheat cultivars with resistance to a broad range of biotic 

stresses [International Wheat Genome Sequencing Consortium (IWGSC), 2018]. A large number 

of resistance/tolerance genes in diploid and tetraploid ancestors are evolutionarily omitted in 

modern wheat. Utilization of the genomics-enabled chromosome engineering and genetic 

techniques can enhance alien introgression for wheat germplasm and variety development.  

Chromosome engineering is a technology of manipulating chromosome number, ploidy, 

or structure of an organism for genetic improvement. It has been used for alien introgression 

from wheat relatives into the wheat genome for genetic enrichment and germplasm development 

by chromosome addition, substitution, or translocation. Alien chromosome addition and 

substitution incorporate one or more chromosomes into wheat. However, alien chromosomes 

from wheat relatives contain favorable as well as deleterious genes. Thus, the addition and 

substitution lines are used as the bridge materials to develop translocation lines. Chromosome 

translocations can involve distinct alien chromosome segments and minimize the linkage drag. 

Incorporation of small alien chromosomal segment with target genes from wheat relatives into 

wheat is the expectation of alien introgression and invaluable for germplasm development. 

Wheat-alien chromosome translocation can be induced by ionizing irradiation, gametocidal 

chromosomes, and homoeologous chromosome recombination (Sears, 1972; Endo, 1988; Chen 

et al., 1994; Bie et al., 2007; Chen et al., 2008). 
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Sears (1956) used X-ray irradiation to directly transfer a leaf rust resistance gene from 

wheat wild species into the wheat genome. This was the first case to achieve wheat chromosome 

engineering by irradiation. Ionizing irradiation causes random chromosomebreakage and fusion 

to incorporate alien chromosome segment into the wheat genome. However, random 

chromosome segment rejoining can lead to genetic instability and sterility (Sears, 1972; Jiang et 

al., 1994). Gametocidal (Gc) genes induce chromosome breakages and subsequently 

chromosome rearrangement between wheat and alien chromosomes. Gc genes, also called selfish 

genes, have been identified on several wild species, such as Ae. caudata (2n = 2x = 14, CC) 

chromosome 3C, Ae. triuncialis (2n = 2x = 14, CC) chromosome 3C, Ae. cylindrica (2n = 2x = 

14, CC) chromosome 2C, Ae. speltoides chromosomes 2S and 6S (Endo and Tsunewaki, 1975; 

Endo and Katayama, 1978; Tsujimoto and Tsunewaki, 1984, 1988; Endo, 1988; Zhang et al., 

2019). Gc system induces random chromosome breakage and fusion resulting in a non-reciprocal 

recombination. Homoeologous chromosome recombination results in reciprocal translocations - 

an alien chromosome segment replaces a corresponding homoeologous chromosome segment of 

wheat. Reciprocal translocations with targeted small alien segment are genetically-friendly for 

wheat breeding (Sears, 1972; Qi et al., 2007, 2008; Niu et al., 2011).  

Gene introgression in wheat and its relatives 

Wheat has a narrow genetic variation due to the polyploid origin of the wheat genome. 

This has become a genetic bottleneck for wheat improvement (Haudry et al., 2007; Akunov et 

al., 2010; Feldman and Levy, 2012; Marcussen et al., 2014). “Polyploid diversity bottleneck” 

was first referred by Stebbins (1950) through the characterization of the formed allopolyploids 

by the limited genetic variation. The genetic diversification in polyploid wheat is much less than 

their diploid ancestors. The gene loss in D subgenome is more severe than A and B subgenomes 
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(Akhunov et al., 2010; He et al., 2019). Moreover, the allopolyploid had been isolated for 

reproduction immediately after it was formed. There was limited time for mutation accumulation 

during human selection and domestication (Feldman and Levy, 2012). 

Gene introgression refers to the incorporation of genes from one species into the gene 

pool of another (gene flow) through repeated interspecific hybridization. Gene flow from wheat 

secondary and tertiary gene pools can expand wheat genetic diversity, improve wheat agronomic 

traits, and enhance wheat adaptation and quality (Qi et al., 2007). A large number of disease 

resistance genes from wheat relatives have been incorporated into wheat, and some of them have 

been cloned for further utilization, such as powdery mildew resistance gene Pm21 from 

Haynaldia villosa (2n = 2x = 14, VV), yellow rust resistance gene Yr15 from wild emmer wheat 

(Cao et al., 2011; Klymiuk et al., 2018; Xing et al., 2018). 

By re-sequencing of 890 diverse accessions of hexaploid and tetraploid wheat, He et al. 

(2019) found a substantial level of gene flow from wild tetraploid relatives into wheat. Gene 

flow events mainly involved wheat chromosomes 1A, 4A, 4B, 5A, and 6A around the 

domestication-related genes (Simon et al., 2006; Nave et al., 2016; Avni et al., 2017; He et al., 

2019). Wheat genome contains deleterious SNPs (dSNP) playing a negative effect on wheat 

agronomics. Wheat gene flow, environment adaptation, and breeding selection can reduce the 

dSNP burden and enhance the agronomic performance of modern wheat (He et al., 2019).  

Meiotic homoeologous recombination-based alien introgression 

Recombination between wheat chromosomes and its homoeologous counterparts in wild 

relatives results in alien gene introgression and enriches the gene pools of wheat breeding (Chen 

et al., 2012; Molnar-Lang et al., 2014; Winfield et al., 2016). However, incorporation of the alien 

chromosome segment with linkage drag would never be applied in wheat breeding because of the 
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reduced fitness or fertility caused by the deleterious genes (Nasuda et al., 1998; Qi et al., 2007). 

Repeated backcrossing and hybridization can shorten the alien introgression segments of interest 

and to minimize the linkage drag (Qi et al., 2007; Klindworth et al., 2013; Wulff and Moscou, 

2014). The introgression line containing targeted genes with the minimum alien segment is 

preferred in the wheat breeding perspective (Ceoloni et al., 2017). 

Homoeologous chromosome pairing and recombination frequency is low because of the 

existence of the Ph (homoeologous pairing) gene in wheat. Ph gene acts as a homoeologous 

pairing suppressor to maintain a diploid-like meiotic pairing in polyploid wheat. When removing 

the Ph gene, such as nullisomic of Ph1 or ph1b mutant, homoeologous chromosomes can pair 

and recombine with each other, allowing for alien gene introgression (Sears, 1976, 1977). 

Hexaploid wheat [Chinese Spring (CS)] ph1b mutant was produced with a 70 Mb segment 

deletion at the Ph1 locus on chromosome 5B by irradiation treatment (Sears, 1977; Dunford et 

al., 1995; Roberts et al., 1999). The CS ph1b mutant has been widely used in wheat 

homoeologous recombination research projects to incorporate favorable genes from wheat 

relatives (Friebe et al., 1996; Faris et al., 2008; Niu et al., 2011; Klindworth et al., 2012; Zhao et 

al., 2013; Zhang et al. 2018). The ph1b mutant-induced meiotic homoeologous recombination 

produces reciprocal wheat-alien chromosome translocations, which are genetically-friendly 

germplasm for variety development in wheat breeding (Ceoloni et al., 1996; Qi et al. 2007; Niu 

et al., 2014; Ceoloni et al., 2017; Danilova et al., 2017, Liu et al., 2017).  

Fluorescence in situ hybridization (FISH) and genomic in situ hybridization (GISH) has 

been widely used to differentiate wheat and alien chromosomes (segments) directly. These 

technologies were developed around 40-year ago with various methodologies and modifications 

for DNA and RNA sequences detection (Levsky and Singer, 2003). Fluorescence-labeled 
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genomic DNAs of alien species or the specific repetitive DNA are used as probes for alien 

chromosome detection.  Advances in the availability of genome sequences, sequence-specific 

genomic loci can be labeled with multicolor fluorescence to improve the visualization of the 

targeted genome regions (Beliveau et al., 2012; Deng et al., 2015).  

The high-throughput genotyping platforms have been developed and applied for allelic 

polymorphism characterization, such as single nucleotide polymorphism (SNP). The wheat 9K 

and 90K Illumina iSelect® SNP arrays and Axiom® 35K and 820K SNP arrays can identify 

SNP polymorphisms among tetraploid and hexaploid accessions, and wheat wild relatives 

(Cavanagh et al., 2013; Wang et al., 2014; Winfield et al., 2016). The SNP-derived molecular 

markers, such as Kompetitive Allele Specific PCR (KASP) and Semi-Thermal Asymmetric 

Reverse PCR (STARP), have been used in wheat-alien recombinant detection and targeted 

genotype isolation (Semagn et al., 2014; Danilova et al., 2017; Klindworth et al., 2017; Long et 

al., 2017; Tan et al., 2017; Zhang et al., 2017; Zhang et al., 2018b). The integrative molecule 

marker and FISH/GISH analysis can detect wheat-alien recombinants for alien introgression and 

genome studies in a significantly improved efficacy and throughput. 
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CHAPTER 3. PARTITIONING AND PHYSICAL MAPPING OF WHEAT 

CHROMOSOME 3B AND ITS HOMOEOLOGUE 3E IN THINOPYRUM ELONGATUM 

BY INDUCING HOMOEOLOGOUS RECOMBINATION 

Abstract 

The wheat (Triticum aestivum, 2n = 6x = 42, AABBDD) and Thinopyrum elongatum (2n 

= 2x = 14, EE) genomes can be differentiated from each other by fluorescent genomic in situ 

hybridization (FGISH) as well as molecular markers. This has facilitated homoeologous 

recombination-based partitioning and engineering of their genomes for physical mapping and 

alien introgression. Here, we isolated a special wheat genotype, which was double monosomic 

for wheat chromosome 3B and Th. elongatum chromosome 3E and homozygous for the ph1b 

mutant, to induce 3B-3E homoeologous recombination. Totally, 81 3B-3E recombinants were 

recovered and detected in the primary, secondary, and tertiary homoeologous recombination 

cycles by FGISH. Comparing to the primary recombination, the secondary and tertiary 

recombination shifted toward the proximal regions due to the increase of homology between the 

pairing partners. The 3B-3E recombinants were genotyped by high-throughput wheat 90K single 

nucleotide polymorphism (SNP) arrays and their recombination breakpoints physically mapped 

based on the FGISH patterns and SNP results. The 3B-3E recombination physically partitioned 

chromosome 3B into 38 bins, and 429 SNPs were assigned to the distinct bins. Integrative 

analysis of FGISH and SNP results led to the construction of a composite bin map for 

chromosome 3B. Additionally, we developed 22 SNP-derived semi-thermal asymmetric reverse 

PCR (STARP) markers specific for chromosome 3E and constructed a comparative map of 

homoeologous chromosomes 3E, 3B, 3A, and 3D. In summary, this work provides a unique 
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physical framework for further studies of the 3B-3E homoeologous pair and diversifies the wheat 

genome for wheat improvement. 

Introduction 

Common wheat (T. aestivum, 2n = 6x = 42, AABBDD), one of the most important food 

crops worldwide, offers approximately 20% of calories for human consumption. Two 

spontaneous interspecific hybridization involving three diploid ancestors and subsequent 

chromosome doubling led to hexaploid wheat (McFadden and Sears, 1946; Dvorak et al., 1993; 

Cai et al., 2010; Marcussen et al., 2014; Zhang et al., 2018a; Pont et al., 2019). The polyploid 

origin of wheat resulted in a narrow genetic variability in the wheat genome. Tremendous 

genetic variation was left in the ancestors and relatives of wheat during polyploidization. This 

has increasingly become a bottleneck in wheat improvement. It is time to restore the 

evolutionarily-omitted genetic diversity to enrich and diversify the wheat genome by 

chromosome engineering due to rapid advances in genomics. In recent years, the efficacy and 

throughput of homoeologous recombination-based chromosome engineering have been 

dramatically improved in alien introgression and genome studies by taking advantage of the 

newly-developed genomics resources and technologies in wheat and its relatives (Qi et al., 2007; 

Faris et al., 2008; Niu et al., 2011; Klindworth et al., 2012; Zhao et al., 2013; Danilova et al., 

2017; Zhang et al., 2017, 2018a, b, 2019).  

Meiotic homoeologous recombination is inhibited by Ph (pairing homoeologous) gene. 

Ph gene ensures meiotic pairing and recombination to occur between homologous chromosomes, 

not between homoeologous chromosomes. It functions as a defense system to prevent 

homoeologous chromosomes from exchanging genetic material and maintains the integrity and 

stability of the wheat genome. The absence of Ph gene, such as nullisomy for Ph1 and ph1b 
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mutant, enhances homoeologous pairing and recombination (Riley and Chapman, 1958; Riley et 

al., 1959; Sears, 1977; Qi et al., 2007). The ph1b-induced homoeologous recombination 

partitions the wheat genome for physical mapping and results in genetically-compensated 

recombinants for alien introgression and germplasm development (Jiang et al., 1994; Friebe et 

al., 1996; Qi et al., 2008; Niu et al., 2011; Patokar et al., 2016; Rey et al., 2018; Zhang et al., 

2017, 2018a, 2019). Thus, ph1b-induced homoeologous recombination provides a unique 

approach to the physical studies of the wheat genome and creates an effective pipeline of gene 

flow from wild species into wheat. Homoeologous recombination-based chromosome 

engineering diversifies the wheat genome and facilitates understanding of the complex polyploid 

genome.  

Wheat has large chromosomes and a complex polyploid genome. Partitioning and 

dissection of wheat chromosomes enhance understanding and manipulation of the genome for 

wheat improvement. Wheat aneuploid and deletion stocks have been widely used to partition and 

dissect the wheat genome and individual chromosomes based on morphological, cytological, and 

molecular markers (Sears, 1954, 1966; Gill et al., 1991; Endo and Gill, 1996; Qi et al., 2003). In 

addition, wheat has many relatives that contain the genomes homoeologous with its genome. The 

homoeologous genomes/chromosomes of wheat and its relatives can be physically differentiated 

from each other by genomic in situ hybridization (GISH) (Liu et al., 2013; Zhang et al., 2018b) 

and fluorescent in situ hybridization (FISH) (Zhao et al., 2013; Danilova et al., 2014; Niu et al., 

2014; Zhang et al., 2017; Dai et al., 2019). Furthermore, homoeologous genomes/chromosomes 

are highly polymorphic, offering a great opportunity to integrative physical and genetic mapping 

of the wheat genome. Therefore, inducing meiotic homoeologous recombination between wheat 

and its relatives leads to partitioning and dissection of wheat chromosomes, generating unique 
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physical frameworks useful in wheat genome studies (Anderson et al., 1992; Chen et al., 1995, 

2013; Qi et al., 2003, 2004, 2008; Kalavacharla et al., 2006; Niu et al., 2011; Zhao et al., 2013; 

Zhang et al., 2018b).  

Advances in high-throughput genotyping, such as wheat 90K SNP arrays (Wang et al., 

2014), and availability of wheat reference genome sequences [Choulet et al., 2014; Avni et al., 

2017; Luo et al., 2017; Ling et al., 2018; The International Wheat Genome Sequencing 

Consortium (IWGSC), 2018], have dramatically enhanced homoeologous recombination-based 

genome studies and chromosome engineering in wheat and its relatives (Zhang et al., 2017, 

2018a, b, 2019; Danilova et al., 2019; Dai et al., 2019; Li et al., 2019). Recently, wheat 

chromosome 2B was physically partitioned and characterized by meiotic recombination with its 

homoeologous counterparts in wheat-related wild species. Homoeologous recombinants 

involving different regions of chromosome 2B were delineated by FGISH and wheat 90K SNP 

arrays, leading to the construction of a composite bin map of 2B (Zhang et al., 2018b). Two wild 

species-derived disease resistance genes were mapped and introduced into wheat by 

homoeologous recombination (Zhang et al., 2019). Therefore, inducing meiotic recombination of 

wheat chromosomes with their homoeologues in the relatives dissects chromosomes for a better 

understanding of the wheat genome, and reshapes the wheat genome to boost its genetic potential 

in wheat improvement. Here, we report our studies on the partitioning and physical mapping of 

wheat chromosome 3B by ph1b-induced meiotic homoeologous recombination with Th. 

elongatum (2n = 2x = 14, EE) chromosome 3E. The 3B-3E recombinants were physically 

characterized by FGISH and genotyped by high-throughput 90K SNP assay and SNP-derived 

STARP markers, leading to a unique physical framework of wheat chromosome 3B and Th. 

elongatum chromosome 3E for further genome studies.  
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Material and methods 

Plant materials 

Common wheat ‘Chinese Spring’ (CS) ph1b mutant was supplied by the Wheat Genetics 

Resource Center at Kansas State University, USA. The CS-Th. elongatum disomic substitution 

line 3E(3B) [DS 3E(3B)] was provided by J. Dvorak at University of California, Davis, USA. 

Homoeologous recombination population development 

DS 3E(3B) (Ph1Ph1) and CS ph1b mutant (ph1bph1b) were used to develop the special 

genotype that was double monosomic for wheat chromosomes 3B and Th. elongatum 

chromosome 3E and homozygous for the ph1b mutant (i.e. ph1bph1b) in the CS background 

(Figure 3.1). Sequence-tagged site (STS) markers specific for Ph1/ph1b and for chromosomes 

3B and 3E were used to select the special genotype, which was subsequently verified by FGISH 

(Cai et al., 1998). Meiotic homoeologous recombination between chromosomes 3B and 3E was 

induced by ph1b mutant in the special genotype. 3B-3E recombinants were recovered in the 

backcross population of the special genotype × DS 3E(3B) (Figure 3.1). We expected a higher 

homoeologous recombinant recovery rate in the backcross population than the self-pollinating 

population of the special genotype (Zhang et al., 2017). In addition, the backcross introduced 

Ph1 into the recombinants to ensure their genetic stability. Secondary or tertiary recombination 

were induced with the primary 3B-3E recombinants to further partition the recombination 

segments following the same procedure as the primary recombination cycle (Figure 3.1). 

Molecular cytogenetic analysis 

Mitotic chromosomes were prepared from root tip cells at metaphase as described by 

Chen et al. (1995). Meiotic chromosomes were prepared from the meiocytes [pollen mother cells 

(PMCs)] at metaphase I (MI) of the special genotypes with and without Ph1 following the  
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Figure 3.1．．．． Induction, recovery, detection, and characterization of 3B-3E homoeologous 
recombinants. CS: Chinese Spring; DS 3E(3B): CS wheat- Th. elongatum disomic substitution 
line 3E(3B).  

 
procedure of Cai and Jones (1997). Over 100 PMCs were analyzed for meiotic homoeologous 

pairing between wheat chromosome 3B and Th. elongatum chromosome 3E in each genotype. 

FGISH was performed to differentiate Th. elongatum chromatin from wheat chromatin in both 

mitotic and meiotic cells following the procedure of Cai et al. (1998). Biotin-16-dUTP (Enzo 

Life Sciences, Inc., USA) was used to label Th. elongatum total genomic DNA as probe by nick 

translation. Total genomic DNA of CS was used as blocking after being sheared by boiling in 0.4 

M NaOH for 40-50 minutes. Th. elongatum chromatin was painted in yellow-green with 

fluorescein isothiocyanate-conjugated avidin (FITC-avidin) (Vector Laboratories, Inc., USA) 

and wheat chromatin was counterstained in red by propidium iodide (PI). FGISH patterns of 

mitotic and meiotic chromosomes were observed and captured under a fluorescence microscope 

(BX51, Olympus, Japan) installed with a CCD camera (DP72, Olympus, Japan) and Olympus 

DS 3E(3B)
(Ph1Ph1) ×

CS ph1b mutant
(ph1bph1b)

F1

(Ph1ph1b and double 
monosomic for 3B and 3E)

×
CS ph1b mutant

(ph1bph1b)

BC1F1

(Select individuals homozygous 
for ph1b and double monosomic 
for 3B and 3E to induce 3B-3E 
homoeologous recombination)

DS 3E(3B)
(Ph1Ph1)×

F1 (Ph1ph1b)
� Detect primary 3B-3E recombinants by FGISH 
� Genotype recombinants using wheat 90K SNP arrays
� Generate additional recombinants from the primary 

recombinants following the above procedure

Recombinant 
recovery
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CellSens Software. The absolute length of the chromosome 3E and 3B segments in each 3B-3E 

recombinant chromosome were measured in 2-7 FGISH-painted mitotic cells using Olympus 

CellSens Software. 

Molecular marker analyses 

Two Ph1-specific STS markers, PSR128 and PSR574 (Roberts et al., 1999), were used to 

select individuals homozygous for ph1b mutant in the construction of the special genotype. The 

chromosome 3B/3E-specific STS marker STS3B-83 (Liu and Anderson, 2003) was used to select 

the individuals double monosomic for chromosome 3B and 3E in the special genotype 

development. The PCR products were separated using a non-denatured polyacrylamide gel 

system as described by Zhang et al. (2018a). Wheat 90K SNP genotyping assay was performed 

by the Illumina BeadStation and iScan instruments according to the manufacturer’s protocols 

(Illumina Inc., San Diego, CA, USA). GenomeStudio 2.0 software (Illumina Inc.) was used for 

SNP allele clustering and genotype calling (Wang et al. 2014). The SNP genotypes of the 3B-3E 

recombinants were analyzed following the procedure of Zhang et al. (2018b). 

Semi-thermal asymmetric reverse PCR (STARP) markers were developed from 

chromosome 3E-specific SNPs based on the context sequences of the SNPs (Luo et al., 2017). 

PCR was performed as described by Long et al. (2017). PCR products of the STARP markers 

were sorted in an IR2 4200 DNA Analyzer with denaturing polyacrylamide gel electrophoresis 

(LI-COR, Lincoln, NE, USA). 

Results 

Induction and recovery of 3B-3E recombinants and aberrations  

We developed a genotype that was double monosomic for wheat chromosome 3B and Th. 

elongatum chromosome 3E, but hemizygous for Ph1 (i.e. Ph1ph1b) by crossing DS 3E(3B) to 
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CS ph1b mutant (Figure 3.1). Wheat chromosome 3B was observed to pair with Th. elongatum 

chromosome 3E in a frequency of 2.17% (3 out of 138 PMCs) in the hemizygous genotype 

(Ph1ph1b) with Ph1 present (Zhang et al., 2018a). After that, a special genotype that was double 

monosomic for 3B and 3E and homozygous for ph1b was generated by backcrossing the F1 

hybrid to CS ph1b mutant and selected from the backcrossing population (BC1F1) by molecular 

marker analysis and FGISH (Figure 3.1). Homoeologous 3B-3E pairing (17 out of 139 PMCs; 

12.23%) was significantly increased in the absence of Ph1 (Zhang et al., 2018a), indicating 

induction of ph1b mutant for 3B-3E pairing and recombination (Figure 3.2). In addition, we 

induced secondary and tertiary recombination with the primary or secondary 3B-3E 

recombinants having a large chromosome 3E segment by ph1b mutant (Figure 3.1). 

The BC1F1 individuals selected as double monosomics (3B’+3E’) and ph1b homozygous 

(ph1bph1b) were crossed to DS 3E(3B) (Ph1Ph1) to recover 3B-3E recombinant gametes 

(Figure 3.1). DS 3E(3B) was used in the recombinant recovery cross because it introduced a Ph1 

allele and Th. elongatum chromosome 3E into the recombinants. The presence of Ph1 in the 

recombinants stabilized their genome and subsequently improved their fertility. Introduction of 

Th. elongatum chromosome 3E into the recombinants was helpful for the differentiation of 

recombinant chromosome segments by high-throughput 90K SNP genotyping because wheat 

90K SNPs mostly exhibited a dominant pattern for the 3B-3E homoeologous pair with an allele 

present on 3B and absence on 3E. For this reason, DS 3E(3B) played the role of a tester 

(recessive homozygote) in this testcross-like cross for genotypic analysis. In addition, we found 

that this testcross-like procedure recovered homoeologous recombinants more efficiently than 

self-pollination (Zhang et al., 2017; see data below). Also, the secondary and tertiary 3B-3E 

recombinant gametes were recovered through this testcross-like cross (Figure 3.1).  
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Figure 3.2. FGISH patterns of ph1b mutant-induced 3B-3E homoeologous pairing as a rod 
bivalent (a) and a ring bivalent (b) in the special genotype that was double monosomic for 3B 
and 3E, and homozygous for ph1b. Wheat chromosomes were painted in red, while chromosome 
3E was painted in yellow-green. Arrows point to 3B-3E rod (a) and ring (b) bivalents.  

 
Detection and delineation of 3B-3E recombinants and aberrations by FGISH 

Total Th. elongatum genomic DNA-probed FGISH specifically paints Th. elongatum 

chromatin, and consequently differentiates Th. elongatum chromosomes or chromosomal 

segments from those in the wheat genome. We screened 267 individuals from the progeny of the 

primary recombination recovery cross [i.e. special genotype × DS 3E(3B)] by FGISH and 

detected 43 3B-3E recombinants with a recombination rate of 16.10%. Meanwhile, we screened 

30 individuals from the self-pollinated progeny of the special genotype and detected two 3B-3E 

recombinants with a recombination rate of 6.67%. These results indicated that the testcross-like 

procedure was more efficient than self-pollination for 3B-3E recombinant recovery. All 3B-3E 
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recombinants and aberrations were grouped into seven categories (I, II, III, IV, V, VI, and VII) 

according to their compositions (Figure 3.3). A total of 45 3B-3E recombinants were obtained 

from the primary recombination cycle with an overall recombination rate of 15.15% (Table 3.1 

and APPENDIX A). Most of the primary recombination events occurred in the terminal regions 

of the 3B-3E homoeologous pair. Thus, the majority of the primary recombinants fell into 

Category I and II (Figure 3.3, 3.4). One of the primary recombinants was found to contain two 

terminal recombinant chromosomes (i.e. V-1 and V-2 in Figure 3.3), called a double 

recombinant. According to their FGISH patterns, V-1 seemed to be a 3B-3E recombinant 

(3ES·3EL-3BL), while V-2 might be a 3D-3E recombinant (3DS·3DL-3EL) according to its 

morphology. Only two of the primary recombinants involved the interstitial regions [III-1 (3BS-

3ES·3EL-3BL) and IV-I (3ES-3BS·3BL-3EL)]. They should be derived from a double crossover 

between chromosomes 3B and 3E. In addition, two Robertsonian translocations [VI-1 

(3ES·3BL) and VI-2 (3BS·3EL)] and two telocentric chromosomes of 3E (VII-1 and VII-2) were 

detected from the primary recombination population (Figure 3.3 and APPENDIX A). Both 

Robertsonian translocations and telocentric chromosomes probably resulted from misdivision of 

the univalent chromosomes 3B and 3E, instead of meiotic crossover-derived recombination 

(Zhang et al., 2018b).  

Secondary recombination was induced with six primary 3B-3E recombinants (I-1, I-2, I-

8, I-12, I-13, and I-22) containing a large 3E segment and chromosome 3B using ph1b mutant as 

illustrated in Figure 3.5 (APPENDIX A). Out of 253 individuals screened in the secondary 

recombination population, 29 new 3B-3E recombinants (11.46%) were identified by FGISH 

(Table 3.1). Over 50% of the secondary recombinants involved interstitial regions and fell into 

Category III and IV. Most of the other secondary recombinants involved a terminal region on 
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one arm under Category II (Figure 3.3, 3.4 and APPENDIX A). Overall, the secondary 

recombination shifted toward the proximal regions and enhanced partitioning of the chromosome 

regions with low recombination frequency. 

Table 3.1. 3B-3E homoeologous recombinants detected in the primary, secondary, and tertiary 
recombination populations 

 

 

 

 

 

 

 

aThe chromosomes involved in 3B-3E homoeologous recombination in each of the three populations were different. 
Thus, an overall 3B-3E homoeologous recombination rate could not be calculated by combining the three 
populations. 

 

Figure 3.3. FGISH-painted 3B-3E recombinant chromosomes and aberrations in the seven 
categories. I-Terminal recombinants with a large 3E segment; II-Terminal recombinants with a 
large 3B segment; III- Interstitial recombinants with a large 3E pericentromeric region flanked 
by 3B terminal segments; IV-Interstitial recombinants with a small 3E segment within one or 
both arms; V-Double recombinant [V1 (3ES·3EL-3BL) + V2 (3DS·3DL(?)-3EL)]; VI-
Robertsonian translocations (3ES·3BL and 3BS·3EL); VII-Telocentric chromosomes of 3E. 
Wheat chromosome 3B segments were painted in red, while chromosome 3E segments were 
painted in yellow-green.  

Populations No. plants screened No. recombinants Recombination rate 

Primary 297 45 15.15% 
Secondary 253 29 11.46% 

Tertiary 95 7 7.37% 
Total 645 81 n.a.a 
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To further enhance homoeologous recombination in the pericentromeric region of the 3B-

3E homoeologous pair, tertiary recombination was induced between the interstitial secondary 

recombinant containing a large 3E pericentromeric region flanked by a terminal 3B segment on 

both arms (III-11) and chromosome 3B using ph1b mutant (Figure 3.5). Chromosome 3B had 

higher homology with III-11 than with chromosome 3E because 3B and III-11 shared the 

terminal regions on both arms. This led to a significant shift of tertiary recombination toward the 

centromeric regions. Seven new 3B-3E recombinants were detected by FGISH from 95 

individuals with a recombination rate of 7.37% in the tertiary recombination population (Table 

1). They were all interstitial recombinants under Category III and IV (Figure 3.3, 3.4, 3.5 and 

APPENDIX A).  

Figure 3.4. Distribution of primary, secondary, and tertiary 3B-3E recombinants and aberrations 
in the following seven categories: I-Terminal recombinants with a large 3E segment; II-Terminal 
recombinants with a large 3B segment; III- Interstitial recombinants with a large 3E 
pericentromeric region flanked by 3B terminal segments; IV-Interstitial recombinants with a 
small 3E segment within one or both arms; V-Double recombinant [V1 (3ES·3EL-3BL) + V2 
(3DS·3DL(?)-3EL)]; VI-Robertsonian translocations (3ES·3BL and 3BS·3EL); VII-Telocentric 
chromosomes of 3E; VII-Telocentric chromosomes of 3E.  
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Figure 3.5. FGISH images illustrating three cycles (primary, secondary, and tertiary) of ph1b-
induced 3B-3E homoeologous recombination and resultant recombinants. The secondary 
recombinants were derived from the primary recombinant I-8, and the tertiary recombinants from 
the secondary recombinant III-11. Wheat chromosomes and segments were painted in red, while 
chromosome 3E and its segments were painted in yellow-green.  

 
A total of 81 3B-3E meiotic recombinants and 4 aberrations under seven categories were 

identified from 645 individuals in the primary, secondary, and tertiary recombination populations 

(Figure 3.3 and APPENDIX A). Fifty-two of the recombinants (61.18%) resulted from 

recombination involving terminal segments on the short or long arms of the 3B-3E 

homoeologous pair and were placed under Category I and II (Figure 3.3). They were the major 

type of 3B-3E recombinants recovered and identified in this work. Most of the terminal 

recombinants were derived from primary recombination (Figure 3.4). Out of 81 meiotic 

recombinants, 28 involved an interstitial pericentromeric region or an interstitial segment within 

an arm. They were grouped under Category III and IV, representing the second largest group of 
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3B-3E recombinants in this study (Figure 3.3 and APPENDIX A). Twenty-six of the interstitial 

recombinants (92.86%) were generated from the secondary and tertiary recombination cycles 

(Figure 3.4).  

FGISH-based physical analysis of 3B-3E recombination breakpoints 

Each of the recombinant chromosome arms were evenly partitioned into 10 intervals with 

each representing 10% of the arm as illustrated in Figure 3.6. The 3B-3E recombination 

breakpoints were assigned to respective intervals according to their physical positions on the 

recombinant chromosomes. The physical position of a recombination breakpoint was determined 

based on the relative length of the proximal recombination segment (3B or 3E) over the total 

length of the entire recombinant arm, which was calculated as “length of the proximal 

recombination segment/total length of the entire recombinant arm” (APPENDIX B). The 

secondary and tertiary 3B-3E recombinants were categorized into two groups based on the origin 

of the recombinant chromosomes. The first group contained a new recombinant chromosome 

resulting from a secondary or tertiary recombination event, such as the secondary recombinants 

II-13 and II-19 (Figure 3.5). The second group contained a recombinant chromosome with a 

newly-formed secondary or tertiary recombinant in addition to the initial primary or secondary 

recombinant, such as the secondary recombinants III-3, III-8, III-10, and III-11, and all tertiary 

recombinants (Figure 3.5). The origin of the recombinants was determined according to the 

physical measurements and wheat 90K SNP analysis of the recombinant chromosomes 

(APPENDIX B).  

The primary 3B-3E recombination breakpoints mostly clustered within the three distal 

intervals (0.61-0.70, 0.71-0.80, and 0.81-0.90) on the short arm and four distal intervals (0.51-

0.60, 0.61-0.70, 0.71-0.80, and 0.81-0.90) on the long arm. The homoeologous recombination 
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hotspots were located at the 0.71-0.80 and 0.81-0.90 intervals on the short and long arm, 

respectively (Figure 3.6). Overall, the primary recombination breakpoints were positioned 

mostly to the distal regions on both arms, but there were more breakpoints toward the proximal 

region on the long arm than the short arm (Figure 3.6). Comparing to the primary recombination, 

the secondary and tertiary recombination breakpoints shifted toward the proximal regions on 

both arms, especially the tertiary breakpoints on the long arm (Figure 3.6). Apparently, increased 

homology between the homoeologous partners in the secondary and tertiary recombination 

enhanced 3B-3E recombination toward the proximal regions (Figure 3.5, 3.6).   

Figure 3.6. Distribution of the three rounds (primary, secondary, and tertiary) of 3B-3E 
recombination breakpoints on the centromere-telomere axis. Each interval on the x-axis 
represents 10% length of the entire short or long arm. The red triangle points to the centromere. 

 
Homoeologous recombination-based physical mapping of wheat chromosome 3B  

We assigned 505 polymorphic SNPs to the 3B-3E homoeologous pair by genotyping DS 

3E(3B) and CS using wheat 90K SNP arrays. Out of the polymorphic SNPs, 429 had significant 

hits on wheat chromosome 3B by BLASTn against the IWGSC RefSeq v2.0 and physically 

mapped to chromosome 3B (Zhang et al., 2018b; https://wheat-urgi.versailles.inra.fr/; 
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APPENDIX C). The physical locations of these SNPs were plotted against their genetic positions 

(Wang et al., 2014), leading to a S-shape distribution of the SNPs (Figure 3.7). The SNPs 

mapped to the linkage block of 62.57-82.16 cM, which traverses the centromere, spanned a wide 

physical region of 91.73-748.85 Mb on chromosome 3B (Figure 3.7 and Wang et al., 2014). The 

average cM/Mb ratio along the entire chromosome was 0.169, while the cM/Mb ratio of the 

pericentromeric region (91.73-748.85 Mb) was 0.030. Thus, the proximal regions had 

significantly lower meiotic recombination than the distal regions for the 3B-3E homoeologous 

pair. 

Figure 3.7. The genetic and physical positions of 3B-3E polymorphic SNPs on chromosome 3B. 

 
All 79 3B-3E meiotic recombinants identified through the testcross-like procedure were 

delineated by the high-throughput wheat 90K SNP assay in addition to FGISH. Some of the 3B-

3E recombinant chromosomes had a similar composition, which could not be precisely 

distinguished from each other by FGISH and SNP analysis. Under this circumstance, only one of 

the similar recombinants was used in the construction of the bin map. Thus, 46 critical 3B-3E 

recombinants were included in the homoeologous recombination-based physical mapping of 
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chromosome 3B. As a result, wheat chromosome 3B was partitioned into 38 distinct bins with 17 

on the short arm and 21 on the long arm based on the FGISH and SNP delineation results (Figure 

3.8b). The 3B-3E polymorphic SNPs with unambiguous physical positions (n = 429) were 

assigned to the respective bins of chromosome 3B. The genotypes of the 46 recombinants at 429 

SNP loci are graphically illustrated in Figure 3.8a. The physical size of chromosome 3B and 3E 

segments in a recombinant was estimated according to the physical location of the middle point 

between the SNPs immediately flanking the recombination breakpoint in the IWGSC RefSeq  

Figure 3.8. Integrative SNP genotyping and FGISH analysis of 3B-3E recombinants. a 
Graphical representation of the wheat 90K SNP genotypes for the 46 3B-3E recombinants. Blue 
and white bars represent chromosome 3E and 3B segments, respectively. The red triangle points 
to the centromere position. b Composite bin map of wheat chromosome 3B. Vertical bars 
indicate physical size of the bins, and curved lines indicate SNP density within each bin. All bins 
were color-coded according to their physical size and locations in the horizontal ideogram of 
chromosome 3B (bottom).  
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v2.0 (https://wheat-urgi.versailles.inra.fr/). Subsequently, the recombination breakpoints of the 

46 critical 3B-3E recombinants were determined on chromosome 3B (APPENDIX D). Overall, 

the SNP-resolved recombinant chromosome compositions were consistent with their FGISH 

patterns in terms of size and location of the recombinant segments. Minor discrepancy was 

observed with the 3B-3E recombinants I-19, I-23, II-18, and III-1 in their FGISH and SNP 

results. A small chromosome 3B fragment was detected at the end of 3ES by SNP assay in I-19 

(~4.85 Mb) and I-23 (~3.74 Mb), but they were not detected by FGISH. In II-18, a small 

chromosome 3E segment (~3.32 Mb) was detected at the end of 3BS by the SNP assay, but not 

by FGISH. On the other hand, FGISH detected a small chromosome 3B segment at both ends of 

the recombinant III-1, but the 3B segment on the long arm was not resolved by the SNP assay 

due probably to the lack of diagnostic SNP markers within that region (Figure 3.8 and 

APPENDIX D). 

A composite bin map was constructed for chromosome 3B based on the SNP and FGISH 

delineation results of the recombinants, indicating the bin size and number of SNPs in each bin 

(Figure 3.8b). The physical size of the chromosomal bins ranged from 0.42 Mb to 199.76 Mb. 

The SNP density within a bin ranged from 1 to 60 SNPs/bin. The two bins located in the 

pericentromeric region were significantly larger than others toward the distal regions on both 

arms, indicating lower homoeologous recombination near the centromere than in other 

chromosomal regions (Figure 3.8b).  

Development of chromosome 3E-specific STARP markers and construction of a 

comparative physical map for chromosomes 3E, 3B, 3A, and 3D 

We developed 22 PCR-based STARP markers from 33 chromosome 3E-specific SNPs 

identified by Luo et al. (2017) (APPENDIX E). They were used to genotype 13 representative 
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3B-3E recombinants involving different regions of chromosome 3E. Subsequently, these STARP 

markers were physically assigned to 10 bins of chromosome 3E (i.e. A-J) (Table 3.2 and Figure 

3.9).   

Table 3.2. Chromosome 3E-specific STARP markers spanning distinct regions along the entire 
chromosomea  

a “+” and “-” indicate the presence and absence of chromosome 3E-specific marker allele, 
respectively. Letters “A-J” refer to the chromosome bins harboring the marker loci. The critical 
3B-3E recombinants with chromosome 3E segments FGISH-painted in yellow-green and 
chromosome 3B segments in red were used to resolve the markers. 
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Figure 3.9. Comparative physical map of Th. elongatum chromosome 3E and wheat 
chromosomes 3A, 3B, and 3D at 22 chromosome 3E-specific STARP (i.e. SNP) marker loci. 
The 3B-3E recombinant-resolved bins of chromosome 3E were color-coded as illustrated in the 
ideogram of chromosome 3E (left). The collinear marker loci between chromosomes 3E and 3B 
were connected by solid blue lines, and those among chromosomes 3B, 3A, and 3D by red and 
green dashed lines.  

 
All 22 chromosome 3E-specific STARP markers were aligned to wheat chromosome 3B 

by BLASTn against the IWGSC RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/). The STARP 

marker loci within each of the bins C, D, and E on chromosome 3E were ordered according to  

their physical locations on chromosome 3B. Also, the homoeologous alleles of the STARP 

markers on wheat chromosomes 3A and 3D were identified by BLASTn against the IWGSC  

RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/). The physical locations of the homoeologous 

SNP loci for the STARP markers on chromosomes 3A, 3B, and 3D were listed in APPENDIX E. 

A comparative physical map was constructed for chromosomes 3E, 3A, 3B, and 3D based on the 
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FGISH patterns of the 3B-3E recombinants and physical locations of the wheat homoeologous 

loci of the chromosome 3E-specific SNPs (Figure 3.9). Xwgc2204 had a homoeologous allele on 

chromosome 3B, but not on 3A and 3D. Xwgc2208 and Xwgc2220 had a homoeologous allele on 

chromosome 3B and 3D, but not on 3A. Also, a pericentromeric inversion was observed between 

Xwgc2207 and Xwgc2208 (Figure 3.9). Overall, these chromosome 3E-specific STARP (SNP) 

markers had a good collinearity with their homoeologous counterparts on wheat chromosomes 

3A, 3B, and 3D. They are useful for the detection of chromosome 3E introgression in wheat and 

will dramatically improve the throughput and efficacy of homoeologous recombination-based 

chromosome engineering in wheat improvement. 

Discussion 

The wheat genome is homoeologous with the genomes of many wild grass species. This 

has made the wild grasses usable as a gene pool for wheat improvement by meiotic 

homoeologous recombination-based alien introgression. In addition, inducing homoeologous 

recombination between wheat and wild grass chromosomes provides a unique approach to 

physically dissect and map the complex polyploid genome of wheat as well as the genomes of 

the wild grasses. In this study, we inactivated the Ph1 system of wheat to promote homoeologous 

pairing/recombination of wheat chromosome 3B with Th. elongatum chromosome 3E using ph1b 

mutant (Riley and Chapman, 1958; Riley et al., 1959; Sears, 1977). The 3B-3E meiotic pairing 

and recombination were significantly increased by ph1b mutant, but the primary recombination 

between these two homoeologous chromosomes occurred mostly in the distal regions.  

Homologous chromosomes remained to pair and recombine preferentially under ph1b 

mutant condition although homoeologous pairing/recombination were induced. So, we used the 

primary or secondary 3B-3E recombinants to enhance homoeologous recombination of their 3E 
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segments with wheat chromosome 3B in the secondary and tertiary recombination cycles under 

ph1b mutant. In the successive ph1b-induced recombination cycles, the meiotic 

pairing/recombination partners (i.e. 3B-3E recombinant and 3B) shared a higher level of 

homology than the initial 3B-3E homoeologous pair. An elevated homology level enhanced 

meiotic pairing between the partners, and consequently promoted 3B-3E homoeologous 

recombination toward the proximal regions of these two homoeologous chromosomes. A clear 

shift of 3B-3E recombination breakpoints from the distal to proximal regions was observed in the 

order of the primary, secondary, and tertiary recombinants for this homoeologous pair. Thus, this 

strategy may potentially make the homoeologous recombination-coldspots, such as 

pericentromeric regions, more accessible for genome mapping and alien introgression. In 

addition, specific chromosomal regions of interest can be further partitioned and dissected in the 

properly-designed successive homoeologous recombination cycles. This will improve the 

resolution of homoeologous recombination-based molecular mapping for specific chromosomal 

regions and reduce the linkage drag in alien introgression as well. 

Homoeologous chromosomes 3B and 3E paired in a frequency of 12.23% under ph1b 

mutant condition (Zhang et al., 2018a). We observed a recombination rate of 15.15% in the 

primary 3B-3E recombination cycle. Generally, a 3B-3E crossover should generate two 

recombinant gametes with each containing one of the reciprocal recombinant chromosomes. 

Thus, a 12.23% 3B-3E pairing frequency could lead to up to 24.46% (i.e. 2 × 12.23%) 3B-3E 

recombinant gametes. The discrepancy between the expected and actual 3B-3E recombination 

rates (i.e. 24.46% vs. 15.15%) might result from the failure of recovering some of the 

recombinants, especially those involving small 3E or 3B segments, due to the limitation of 

FGISH in detecting small recombination segments.  
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Homology between pairing partners (i.e. 3B-3E recombinant and 3B) increased over the 

successive recombination cycles, subsequently leading to increased pairing frequency between 

the partners. The overall recombination rates between the pairing partners, including both 

homologous and homoeologous recombination, increased in the secondary and tertiary 

recombination cycles although the 3B-3E homoeologous recombination rates decreased from the 

primary (15.15%) to the secondary (11.46%) and tertiary (7.37%) recombination cycles. Lower 

3B-3E homoeologous recombination rates were expected in the secondary and tertiary 

recombination cycles because 3B-3E recombination was forced to occur toward the proximal 

regions with a low recombination rate. Those regions were generally not reached in the previous 

recombination cycle. Therefore, homology increase of the secondary and tertiary pairing partners 

enhances the accessibility of the proximal chromosome regions for homoeologous 

recombination. 

Interstitial 3B-3E recombinants were recovered in the primary, secondary, and tertiary 

recombination cycles in this study. The primary interstitial recombinants (III-1 and IV-1) should 

result from a double crossover on both arms of chromosomes 3B and 3E. This was consistent 

with the observation of 3B-3E ring bivalents in the special parental genotype of the primary 

recombination population. However, the 3B-3E interstitial recombinants identified in the 

secondary and tertiary recombination populations mostly resulted from two single crossovers 

occurring in the different recombination cycles (i.e. primary and secondary or tertiary). In 

addition, we recovered a double recombinant that contained two 3E-derived terminal 

recombinant chromosomes (V-1 and V-2) from the primary recombination population in this 

study. Presumably, it might result from a double crossover of chromosome 3E with chromosome 

3B and 3D or 3A that paired in a trivalent or other multivalent pairing configuration involving 
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these homoeologous chromosomes. Under this circumstance, two 3E-involved recombinant 

chromosomes segregated into the same daughter cell at meiosis I, resulting in the gametes with 

two recombinant chromosomes involving 3E and two wheat homoeologous.   

Homoeologous recombination can be recovered and delineated by molecular markers as 

well as FGISH. Molecular markers are useful landmarks for chromosome mapping and 

engineering. Advances in high-throughput molecular marker assays have dramatically improved 

the efficacy of homoeologous recombination-based genome study and alien introgression. 

However, the utility of molecular markers in chromosome research could be limited due to the 

lack of diagnostic markers in some chromosome regions. For instance, we detected a 3B-3E 

recombination breakpoint on the long arm of recombinant III-1 by FGISH. However, that 

recombination was not resolved by SNP markers because there were no diagnostic SNPs within 

that region. On the other hand, FGISH may be limited in its ability to differentiate small 

homoeologous chromosome segments although it provides direct visualization of homoeologous 

recombination. In this study, we resolved extra 3B-3E recombination events in several 

recombinants (I-19, I-23, and II-18) by SNP assays, which were not detected by FGISH. 

Evidently, both molecular markers and FGISH demonstrate their uniqueness and advantages in 

the recovery and delineation of homoeologous recombination for genome mapping and alien 

introgression. Integrative application of these two technologies in homoeologous recombination 

studies will enhance understanding of the genomes in wheat and its relatives, and diversify the 

wheat genome by harnessing the genetic variation of wild grasses.  

Both wheat chromosome 3B and Th. elongatum chromosome 3E were physically 

partitioned into distinct bins by ph1b-induced 3B-3E homoeologous recombination. A total of 

429 SNPs were assigned to 38 bins of chromosome 3B, generating a composite bin map for this 
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chromosome. In addition, 22 SNP-based STARP markers were developed and used to resolve 10 

bins for chromosome 3E. A comparative physical map was constructed for all four 

homoeologous chromosomes, i.e. 3E, 3A, 3B, and 3D. Also, the 3B-3E recombination 

breakpoints mapped to different chromosome intervals along the entire homoeologous pair based 

on the FGISH patterns of the recombinants. The primary 3B-3E homoeologous recombination 

distributed in a pattern similar to homologous recombination on both arms (Saintenac et al., 

2009). The majority of primary 3B-3E recombination clustered in the distal regions, although 

secondary and tertiary recombination shifted toward the proximal regions. In summary, this 

genomics-enabled homoeologous recombination-based mapping work provides a unique 

physical framework for further study of the 3B-3E homoeologous pair as well as the genomes of 

wheat and Th. elongatum. 
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CHAPTER 4. DISSECTION AND PHYSICAL MAPPING OF WHEAT CHROMOSOME 

7B BY INDUCING MEIOTIC RECOMBINATION WITH ITS HOMOEOLOGUES IN 

AEGILOPS SPELTOIDES AND THINOPYRUM ELONGATUM 

Abstract 

Recombination-based chromosome engineering of wheat chromosomes and its 

homoeologous counterparts from wild species produces reciprocal translocations, diversifying 

and enrichment of evolutionary-omitted wheat genetic variation. Available of high-throughput 

genotyping tools and wheat-related genome sequences data advance cytogenetic studies. 

Genomics-enabled cytogenetic analysis of homoeologous recombinants in a throughput scale and 

improved efficacy. In this study, we exploited meiotic recombination of wheat chromosome 7B 

and its homoeologous chromosomes 7E in Thinopyrum elongatum and 7S in Aegilops speltoides 

using ph1b-induced system to characterize wheat chromosome 7B, 7E, and 7S. We developed 

four diagnostic semi-thermal asymmetric reverse PCR (STARP) markers for homoeologous pair 

7B-7E and eleven for 7B-7S to pre-screen their recombination populations. The possible 

recombinants detected by STARP markers were verified by fluorescent genomic in situ 

hybridization (FGISH). A total of 29 7B-7E recombinants and 61 7B-7S recombinants were 

identified for wheat 90K SNP genotyping analysis. Combination of the FGISH patterns and 

SNPs genotype data of 7B-7E and 7B-7S recombinants and the wheat genome reference 

sequence data, chromosome 7B was physically partitioned into 44 bins with 523 polymorphic 

SNPs. A composite bin map of chromosome 7B was constructed, illustrating the estimated bins 

size and SNPs density. The unique physical framework of chromosome 7B is potentially benefit 

genome studies of wheat and its relatives. The genetic-enabled chromosome engineering 
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accelerates the process of wheat genome enrichment and gene introgression for wheat 

improvement. 

Introduction 

Common wheat (Triticum aestivum L., 2n=6x=42), one of the most important food crops 

for humans worldwide, originated from two rounds of spontaneous hybridization of three diploid 

ancestors and subsequent chromosome doubling (Feldman and Levy, 2012; Faris, 2014; Pont et 

al., 2019). Domestication and targeted breeding efforts have led to production and selection of 

adaptable and productive wheat genotypes. The polyploid origin of the wheat genome and 

extensive breeding practices have narrowed down the genetic variability of the wheat genome, 

which has become a genetic bottleneck for modern wheat improvement (Venske et al., 2019). 

The wild relatives of wheat maintain considerable genetic diversity, including numerous 

favorable genes for agronomically-important traits of wheat. Many of them contain a genome 

homoeologous with the wheat genome. They represent an invaluable gene source for wheat 

improvement and can be utilized to expand genetic variability of wheat by diversifying and 

enriching the wheat genome (Qi et al., 2007).  

Meiotic homoeologous recombination-based chromosome engineering shuffles the 

genetic material of related genomes and leads to gene introgression from one genome to another. 

It has been widely used in alien introgression and genome studies of wheat and its relatives (Liu 

et al., 2013; Zhao et al., 2013; Niu et al., 2014; Danilova et al., 2017; Zhang at al., 2018a, b, 

2019; Dai et al., 2019; Li et al., 2019). Wheat has a diploidization system, called Ph (pairing 

homoeologous) genes. Ph genes ensure homologous pairing and recombination by preventing 

homoeologous chromosomes from pairing and recombination in meiosis (Riley and Chapman, 

1958; Riley et al., 1959). So, eliminating or inactivating Ph genes enhances homoeologous 
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pairing and recombination. Wheat ph1b mutant, a large deletion at the Ph1 locus (Riley and 

Chapman, 1958; Riley et al., 1959; Sears, 1977; Gyawali et al., 2019), has been used to induce 

meiotic homoeologous recombination for chromosome mapping and alien introgression 

(Lukaszewski et al., 2004; Niu et al., 2011; Zhao et al., 2013; Patokar et al., 2016; Danilova et 

al., 2017; Zhang et al., 2018b). Through this approach, wheat chromosomes 2B and 3B was 

partitioned and physically mapped (Zhang et al., 2018b; Zhang et al., 2020). Two wild species-

derived disease resistance genes were identified, mapped, and introgressed into wheat by 

homoeologous recombination (Zhang et al., 2019).  

Wheat has a complex polyploid genome with three homoeologous subgenomes (i.e. A, B, 

and D). Homoeologous recombination-based partitioning and dissection of individual 

chromosomes provide a unique approach for genome study in wheat and its relatives. Wheat 

aneuploids and genome-wide deletion stocks have been developed and employed to physically 

dissect the wheat genome and individual chromosomes (Sears, 1954, 1966; Gill et al., 1991; 

Endo and Gill, 1996; Qi et al., 2003). In addition, various wheat-alien species chromosome 

translocations have been produced and applied in chromosome dissection and mapping (Chen et 

al., 1995, 2005; Friebe et al., 1996; Rabinovich, 1998; Crasta et al., 2000). Generally, meiotic 

homoeologous recombination-derived translocations or recombinants are genetically more stable 

than non-compensating translocations, and more useful for alien introgression in germplasm 

development. Also, meiotic homoeologous recombinants are invaluable resources for genome 

and chromosome studies, including physical mapping, gene identification, and genome 

evolution, etc.  (Riley et al., 1968; Mago et al., 2002; Chen et al., 2005; Niu et al., 2011; Zhao et 

al., 2013; Zhang et al., 2018a,b, 2019; Dai et al., 2019).  
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The availability of wheat reference genome sequences and high-throughput genotyping 

technologies have dramatically improved the efficacy and throughput of homoeologous 

recombination-based chromosome engineering for alien introgression and genome studies in 

wheat and its relatives (Wang et al., 2014; Avni et al., 2017; Luo et al. 2017; The International 

Wheat Genome Sequencing Consortium (IWGSC), 2018; Ling et al., 2018; Tatiana et al., 2014, 

2017; Zhang et al., 2017, 2018a,b, 2019; Dai et al., 2019). Wheat chromosomes can be painted 

differentially from those in the homoeologous genomes of wheat-related species by fluorescence 

genomic in situ hybridization (FGISH), allowing for visual detection of chromosomal segments 

with different genomic origin in homoeologous recombinants (Schwarzacher et al., 1992; Cai et 

al., 1998; Zhao et al., 2013; Niu et al., 2014; Zhang et al., 2018b, 2019; Li et al., 2019; Zhang et 

al., 2020). Recently, the high-throughput SNP genotyping technology and SNP-derived PCR 

marker systems, including kompetitive allele specific PCR (KASP) (Neelam et al., 2013) and 

semi-thermal asymmetric reverse PCR (STARP) (Long et al., 2017; Zhang et al., 2017), have 

permitted the homoeologous recombination-based genome study and alien introgression in a 

significantly improved throughput (Tatiana et al., 2017, 2019; Zhang et al., 2017, 2018a,b, 

2019). FGISH and SNP markers demarcate wheat and alien chromosomal segments in the 

homoeologous recombinants cytogenetically and molecularly, respectively. Integrative FGISH 

and marker analysis of homoeologous recombination leads to the construction of unique physical 

frameworks useful for genome studies in wheat and its relatives (Zhang et al., 2018b; Zhang et 

al., 2020). In this study, we aimed to cytogenetically dissect wheat chromosome 7B by inducing 

meiotic recombination with its homoeologous counterparts 7E from Th. elongatum (2n = 2x =14, 

EE) and 7S from Ae. speltoides (2n = 2x = 14, SS), and to physically map chromosome 7B by 

delineating the 7B-7E and 7B-7S recombinants with SNP markers and FGISH.  
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Materials and methods 

Plant materials 

Common wheat ‘Chinese Spring’ (CS) -Ae. speltoides disomic substitution line 7S(7B) 

[DS 7S(7B)] (Friebe et al., 2011) and CS ph1b mutant were supplied by the wheat Genetics 

Resource Center at Kansas State University, USA. The CS-Th. elongatum disomic substitution 

line 7E(7B) [DS 7E(7B)] was provided by J. Dvorak at University of California, Davis, USA.  

Construction of the ph1b-induced homoeologous recombination populations 

The disomic substitution lines [DS 7E(7B) and DS 7S(7B)] and CS ph1b mutant were 

employed to construct the special genotype that was double monosomic for chromosomes 7E 

and 7B or 7S and 7B, and homozygous for ph1b mutant following the procedure illustrated in 

Figure 4.1. The Ph1-specific molecular marker PSR574 or PSR128 (Roberts et al., 1999) were 

used to select homozygous ph1b mutant for inducing homoeologous 7E-7B and 7S-7B 

recombination.  Chromosome 7E-specific marker Xgpw1164 and 7S-specific marker Xgpw7518 

were used to select the individuals double monosomic for chromosome 7E and 7B, and 

chromosomes 7S and 7B, respectively (Sourdille et al., 2004). Meiotic homoeologous 

recombination of wheat chromosome 7B with Th. elongatum chromosome 7E and Ae. speltoides 

chromosome 7S were induced by the ph1b mutant in the newly-constructed special genotypes. 

7B-7E and 7B-7S recombinant gametes were recovered by backcrossing to the respective 

substitution line as described by Zhang et al. (2017) and Zhang et al. (2020). 

Molecular markers analysis 

Chromosome-specific STARP markers were developed within the pericentromeric and 

distal regions on both arms for the homoeologous pairs 7B-7E and 7B-7S (Long et al., 2017; 

Zhang et al., 2017). They were used to screen the recombination populations for 7B-7E and 7B-
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7S recombinants and chromosome aberrations involving the pericentromeric and distal regions 

of both homoeologous pairs as illustrated in Figure 4.2. PCR was performed as described by 

Long et al. (2017). STARP amplicons were sorted using IR2 4200 DNA Analyzer with 

denaturing polyacrylamide gel electrophoresis (LI-COR, Lincoln, NE, USA).  

Wheat 90K SNP essay was performed on the Illumina BeadStation and iScan instruments 

following the manufacturer’s protocols. GenomeStudio v2.0.4 software was used to analyze and 

call SNP clusters (Illumina Inc., San Diego, CA, USA) following the procedure of Zhang et al. 

(2018b). 

 

Figure 4.1. Diagram showing induction, recovery, detection, and characterization of 7B-7E and 
7B-7S homoeologous recombinants. 

 
Cytogenetic analysis 

Fluorescent genomic in situ hybridization (FGISH) was preformed to differentiate Ae. 

speltoides and Th. elongatum chromatin from wheat chromatin as described by Cai et al. (1998). 

Total genomic DNA of Ae. speltoides and Th. elongatum were used to prepare FGISH probes 
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with Bio-16-dUTP by nick translation (Enzo Life Science, Inc., USA). Total CS genomic DNA 

was used as blocking after being sheered in boiling 0.4M NaOH for 40-50 mins. Hybridization 

signals on Ae. speltoides and Th. elongatum chromatin were detected with fluorescein 

isothiocyanate-conjugated avidin (FITC-avidin) (Vector Laboratories, Inc., USA) as green-

yellow and wheat chromatin was counter-stained with propidium iodide (PI) as red color. 

Figure 4.2. Ideogram of wheat chromosome 7B (red), Th. elongatum chromosome 7E (green), 
and Ae. speltoides chromosome 7S (green) illustrating chromosome-specific molecular markers 
for the detection of meiotic homoeologous recombinants and chromosome aberrations. 

 
Microscopy 

Fluorescence microscope (BX51, Olympus, Japan) with a CCD camera (DP72, Olympus, 

Japan) was used to visualize the FGISH signals and chromosomes. FGISH images were captured 

by Olympus CellSens software. 
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Results 

Development and validation of chromosome-specific STARP markers for the detection of 

7B-7E and 7B-7S recombinants 

Wheat 90K SNP assay mapped 2,347 SNPs to wheat chromosome 7B (Wang et al., 

2014). Out of these mapped SNPs, we identified 1,018 polymorphic for the homoeologous pair 

7B-7S (Zhang et al., 2018) and 1,055 polymorphic for 7B-7E. Initially, the polymorphic SNPs, 

physically mapped to the pericentromeric and distal regions on both arms of chromosome 7B, 

were used as queries to search against the IWGSC RefSeq v2.0 and the genome sequences Ae. 

speltoides (https://wheat-urgi.versailles.inra.fr/), and Th. elongatum genome sequences 

(http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi) by BLASTn. The SNPs polymorphic between 7B 

and 7E or 7B and 7S, and also polymorphic between 7B/7S/7E and 7A/7D were ideal for the 

development of STARP markers diagnostic for the homoeologous pairs 7B-7E and 7B-7S. 

However, most of the 90K SNPs within the targeted regions were found to be polymorphic for 

the homoeologous pair 7B-7E or 7B-7S, but not polymorphic between 7B/7S/7E and 7A/7D. 

Under this circumstance, we searched for new SNPs nearby those 90K SNP loci within the 

targeted region on chromosome 7B by BLASTn and sequence alignment analysis to identify the 

SNPs diagnostic for the homoeologous pair 7B-7E or 7B-7S in the CS wheat background.   

Four diagnostic STARP markers were developed for the homoeologous pair 7B-7E and 

eleven for 7B-7S (Table 4.1). They were located either within the pericentromeric region on the 

long arm or the terminal region on the short or long arm. Three 7B-7E specific markers 

(Xwgc2300, Xwgc2301, and Xwgc2303) and three 7B-7S specific markers (Xwgc2304, 

Xwgc2307, and Xwgc2313) were selected to pre-screen the homoeologous recombination 

population for 7B-7E or 7B-7S recombinants. They resided within the terminal region of the 
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short arm, pericentromeric region on the long arm, and terminal region of the long arm in each of 

these two homoeologous pairs (Table 4.1 and Figure 4.3a). Xwgc2304 and Xwgc2307 are 

codominant markers and Xwgc2313 is dominant for the homoeologous pair 7B-7S. Xwgc2300, 

Xwgc2301, and Xwgc2303 are dominant markers for the homoeologous pair 7B-7E (Figure 

4.3a).  

Table 4.1. SNP-derived STARP markers specific for the 7B-7E and 7B-7S homoeologous pairs 

Marker  
SNP 

alleles 
SNP locationa Forward and reverse primersb Polymorphism 

     F1: [Tail 2]-5’ GACGATGACAGCTCCGCA 3’  

Xwgc2300 [A/G] 7BS(603,689bp) F2: [Tail 1]-5’ GACGATGACAGATCCTCG 3’ 7B-7E 
     R: 5’ CCAAGTTTGCAGAGGCAGAAG 3’  

     F1: [Tail 2]-5’ AAAGCTGTCCGGTTTACTCTT 3’  

Xwgc2301 [T/C] 7BL(379,299,483bp) F2: [Tail 1]-5’ AAAGCTGTCCGATTTGCCATC 3’ 7B-7E 
     R: 5’ CGCATGCATGTGCGTGTA 3’  
   F1: [Tail 2]-5' CATTCTACCCTACGCACGTA 3'  

Xwgc2302 [A/G] 7BL(386,081,398bp) F2: [Tail1]-5' CATTCTACCCTACGCATACG 3' 7B-7E 
   R: 5' CCATTTCCATTCCATTCAGGACAA  

     F1: [Tail 2]-5’ CCAGGAGTCAACACAAAAT 3’  

Xwgc2303 [T/G] 7BL(758,280,973bp) F2: [Tail 1]-5’ CCAGGAGTCAACACAAGAG 3’ 7B-7E 
     R: 5’ GCACTCCGCCTCTGATGC 3’  
   F1: [Tail 1]-5’ TATGCTCTTATTCGCGACC 3’  

Xwgc2304 [C/A] 7BS(3,695,566bp) F2: [Tail 2]-5’ TATGCTCTTATTCGCGGTA 3’ 7B-7S 
   R: 5’ GCGTACGTCAATCACGGATCAG 3’  

     F1: [Tail 2]-5’ CGTAAGCAATGTAGTTTATATTGA 3’  

Xwgc2305 [A/G] 7BS(4,121,716bp) F2: [Tail 1]-5’ CGTAAGCAATGTAGTTTATACCGG 3’ 7B-7S 
     R: 5’ GAGAGTGGTCCCTGTCTGATG 3’  
   F1: [Tail 1]-5’ GCAATAAAATATAACAATCAACAAAATAAA 3’  

Xwgc2306 [A/G] 7BS(244,368,635bp) F2: [Tail 2]-5’ GCAATAAAATATAACAATCAACAAAACCAG 3’ 7B-7S 
   R: 5’ GGTTTGCCGTTCTATCATATCAGC 3’  

     F1: [Tail 2]-5’ GTCCATGGCATCACAACGT 3’  

Xwgc2307 [T/C] 7BL(379,299,435bp) F2: [Tail 1]-5’ GTCCTTGGCATCACACAGC 3’ 7B-7S 
     R: 5’ CAGCTTTGTTGCCACATTTCC 3’  

     F1: [Tail 1]-5’ TCATTCATTTCATACAGAGACG 3’  

Xwgc2308 [A/G] 7BL(396,962,870bp) F2: [Tail 2]-5’ TCATTCATTTCATACAGAAGCA 3’ 7B-7S 
     R: 5’ CCAATGATGTTACTTTGATGCTGC 3’  

     F1: [Tail 1]-5’ ACAAGGTGACAAGACTTCTCA 3’  

Xwgc2309 [A/G] 7BL(465,240,318bp) F2: [Tail 2]-5’ ACAAGGTGACAAGACTTTCCG 3’ 7B-7S 
     R: 5’ GGTTTGCCGTTCTATCATATCAGC 3’  
   F1: [Tail 2]-5’ CCATATCGTAGCACATGAACGTA 3’  

Xwgc2310 [A/G] 7BL(654,629,105bp) F2: [Tail 1]-5’ CCATATCGTAGCACATGAATATG 3’ 7B-7S 
   R: 5’ TCTTCACTGTGGGTCGGCA 3’  

     F1: [Tail 1]-5’ GACCACCTGTGTGTGTACATG 3’  

Xwgc2311 [G/T] 7BL(655,975,979bp) F2: [Tail 2]-5’ GACCACCTGTGTGTGTAACTT 3’ 7B-7S 
     R: 5’ CCCTACAACAACAAACAAAAGAACAT 3’  
   F1: [Tail 1]-5’ TGACATGGGAGCCTAGG 3’  

Xwgc2312 [A/G] 7BL(754,572,320bp) F2: [Tail 2]-5’ TGACATGGGAGCCCGGA 3’ 7B-7S 
   R: 5’ CCCCAGGCAGACAATTCATTTT 3’  

     F1: [Tail 2]-5’ ACTAAGACCCTGAACAAGCAAA 3’  

Xwgc2313 [A/G] 7BL(754,572,989bp) F2: [Tail 1]-5’ ACTGAGACCCTGAACAAGTCAG 3’ 7B-7S 
     R: 5’ CTGAATTCCACAGGAGATACCATTAA 3’  

     F1: [Tail 1]-5’ AGAGGAAACGGGGCCCAC 3’  

Xwgc2314 [C/G] 7BL(754,570,889bp) F2: [Tail 2]-5’ GGCTCGTCAGTGTACCTG 3’ 7B-7S 
     R: 5’ GCTAAAGTATTTATTTATCCTCTGCCCA 3’  

aSNP locations in the IWGSC Reference Sequence v2.0 assembly (IWGSC RefSeq v2.0) 

b[Tail1] = GCAACAGGAACCAGCTATGAC; [Tail2] = GACGCAAGTGAGCAGTATGAC 
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Meanwhile, we identified six 7B-7E and eighteen 7B-7S recombinants by FGISH to 

verify the utility of the chromosome-specific STARP markers in recombinant detection. Marker 

analysis of the FGISH-delineated 7B-7E and 7B-7S recombinants provided clear genotyping 

results consistent with their FGISH patterns in terms of recombination breakpoints and sizes of 

the recombinant segments (Figure 4.3). Therefore, these STARP markers were diagnostic for 

differentiating wheat chromosome 7B from Th. elongatum chromosome 7E and Ae. speltoides 

chromosome 7S in the targeted regions, and useful in detecting the recombinants of 7B with 7E 

and 7S.  

Figure 4.3. Detection of 7B-7E and 7B-7S recombinants by chromosome-specific STARP 
markers (a) and verification of the recombinants by FGISH (b). FGISH painted wheat 
chromosomes/segments in red, and chromosome 7E and 7S and their segments in yellow-green. 
Arrows point to 7B-7E or 7B-7S recombinant chromosomes and arrowheads to chromosome 7E 
or 7S.  III-7 and II-4 are 7B-7E recombinants, designated 7BS·7BL-7EL and 7ES·7EL-7BL, 
respectively. I-23 and III-19 are 7B-7S recombinants, designated 7SS·7SL-7BLand 7BS·7BL-
7SL, respectively. Scale bar = 10µm. 
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Pre-screening and verification of 7B-7E and 7B-7S recombinants and aberrations by 

STARP markers and FGISH 

The chromosome-specific STARP markers we developed for the homoeologous pairs 7B-

7E and 7B-7S enabled us to pre-screen large recombination populations for recombinants 

involving these two homoeologous pairs in a timely manner. We pre-screened 578 individuals 

from the 7B-7E recombination population using the three STARP markers diagnostic for 7B-7E 

(i.e. Xwgc2300, Xwgc2301, and Xwgc2303) and found that 116 of them possibly contained a 7B-

7E recombinant chromosome or other structural aberration involving chromosome 7B. Similarly, 

288 individuals from the 7B-7S recombination population were pre-screened by the STARP 

markers diagnostic for 7B-7S (i.e. Xwgc2304, Xwgc2307, and Xwgc2313). Seventy-nine of them 

were found to contain a 7B-7S recombinant chromosome or other structural aberration involving 

chromosome 7B.  

The ph1b mutant induces homoeologous recombination of wheat chromosome 7B with 

Th. elongatum chromosome 7E and Ae. speltoides 7S, as well as with its wheat homoeologues 

7A and 7D in the special genotypes. In addition, other chromosome aberrations, including 

Robertsonian translocations, telocentric chromosomes, and chromosome deletions, could occur 

in the special genotypes. So, we expected to see those chromosome aberrations in addition to 7B-

7E or 7B-7S recombinants among the STARP marker-based selections. FGISH was performed to 

all selected individuals. Out of 116 individuals selected from the 7B-7E recombination 

population, we detected 23 7B-7E recombinants, seven Robertsonian translocations, and one 

telocentric chromosome of 7E. One or two copies of chromosome 7E were visualized in the rest 

of 116 individuals (n=85). Similarly, FGISH analysis detected 43 7B-7S recombinants, four 

Robertsonian translocations, and three deletions of chromosome 7S from the 79 individuals 
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selected from the 7B-7S recombination population. In addition, FGISH detected two extra 

interstitial 7B-7S recombination events (V-10 and V-11 in Figure 4.4), which regions were not 

covered by the STARP markers. The other 29 selected individuals contained one or two copies 

of chromosome 7S.  

Figure 4.4. FGISH-painted 7B-7E and 7B-7S recombinant chromosomes and aberrations in six 
categories, including Category 1 (I & II) - terminal recombinants with a small 7B segment, 
Category 2 (III & IV) - terminal recombinants with a small 7E or 7S segment, Category 3 (V) -
interstitial recombinants, Category 4 (VI) - Robertsonian translocation, Category 5 (VII) -
telocentric 7E or 7S chromosomes, and Category 6 (VIII) - chromosome 7E or 7S deletions. 
Chromosome 7B segments were painted in red, and 7E and 7S chromosome segments in yellow-
green. 

 
All 7B-7E and 7B-7S recombinants and chromosome aberrations are categorized into six 

categories according to their structural compositions and their FGISH patterns are displayed in 

Figure 4.4. A total of 29 7B-7E and 61 7B-7S recombinants were detected and verified by 

chromosome-specific markers and FGISH (Table 4.2). The number of single crossover-derived  
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Table 4.2. Six categories of 7B-7E and 7B-7S recombinants and aberrations 

Homoeologous 
pairs 

No. individuals 
screened 

Crossover-derived   Misdivision products    Deletion 

Category 
1 

Category 
2 

Category 
3 

 Category 
4 

Category 
5 

 Category 
6* 

7B-7E 644 16 13 0   7 1   0 

  2.48% 2.02% 0.00%  1.09% 0.16%  0.00% 

7B-7S 436 30 27 4  4 5  3 

    6.88% 6.19% 0.92%   0.92% 1.14%   0.69% 
*See Figure 4 for detailed description of these six categories of recombinants and aberrations.  
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7B-7S terminal recombinants with a small 7B segment (Category 1) and with small 7S segment 

(Category 2) were 30 and 27, with a recombination rate of 6.88% and 6.19%, respectively 

(Figure 4.4 and Table 4.2). The single crossover-derived 7B-7E recombination rates for Category 

1 and Category 2 were 2.48% and 2.02%, respectively, which were much lower than 7B-7S. Two 

double crossover-derived (V-9 and V-12) and two multiple crossover-derived (V-10 and V-11) 

interstitial recombinants were detected for the homoeologous pair 7B-7S, but not for 7B-7E. In 

addition, we identified seven 7B-7E Robertsonian translocations (1.09%) and one 7E telocentric 

chromosome (0.16%) from the 7B-7E recombination population, and four 7B-7S Robertsonian 

translocations (0.92%) and five 7S telocentric chromosomes (1.15%) from the 7B-7S 

recombination population. Also, three long arm deletions of chromosome 7S (0.69%) were 

identified from the 7B-7S recombination population, including VIII-9, VIII-10, and VIII-11 

(Figure 4.4). Most of the 7B-7E and 7B-7S recombinants involved their long arms. Only one 

recombination event was recovered in the short arm of the homoeologous pair 7B-7E and eight 

in the short arm of 7B-7S (APPENDIX F). The detailed compositions and pedigree of all 7B-7E 

and 7B-7S recombinants and aberrations are provided in APPENDIX F. 

Homoeologous recombination-based delineation and dissection of wheat chromosome 7B  

The 7B-7E and 7B-7S recombinants were genotyped together with several controls, 

including CS, DS 7E(7B), DS 7S(7B), and double monosomics 7E’+7B’ and 7S’+7B’, using 

wheat 90K SNP arrays. Out of 2,347 SNPs mapped to wheat chromosome 7B (Wang et al., 

2014), we identified 430 SNPs polymorphic for the homoeologous pair 7B-7E and 352 for 7B-

7S. Both 7B-7E and 7B-7S shared 241 polymorphic SNPs.  So, a total of 541 wheat 90K SNPs 

were polymorphic for the homoeologous pairs 7B-7E and 7B-7S, with 189 specifically for 7B-
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7E and 111 for 7B-7S (Figure 4.5a). Overall, the homoeologous pair 7B-7E had a high level of 

polymorphism than 7B-7S at the 90K SNP loci.  

Figure 4.5. Polymorphic SNPs of the homoeologous pair 7B-7E and 7B-7S (a) and their genetic 
and physical positions on chromosome 7B (b). 

 
The SNPs polymorphic for the homoeologous pair 7B-7E and 7B-7S genetically mapped 

to chromosome 7B (Wang et al. 2014). We physically aligned the SNP loci onto chromosome 7B 

by BLASTn against the IWGSC RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/) (APPENDIX 

G). The sequenced wheat 7B chromosome size in the RefSeq v2.0 was 763.71 Mb, which 



 

 75

covered 85.91% of the entire chromosome 7B (889 Mb) (https://wheat-urgi.versailles.inra.fr/; 

Šafář et al. 2010). The genetic and physical positions of the SNPs were plotted as an “S” curve 

distribution in Figure 4.5b. The average cM/Mb ratio along the entire chromosome was 0.25. The 

SNPs within the linkage block of 67.47-78.44 cM, which traverses the centromere, span the 

physical region of 118.71-589.04 Mb, with an average cM/Mb ratio of 0.023. Thus, the 

homoeologous recombination rate in the proximal region was significantly lower than the distal 

region for the homoeologous pairs 7B-7E and 7B-7S.  

Overall, the wheat 90K SNP genotyping results of the 7B-7E and 7B-7S recombinants 

were consistent with their FGISH patterns except a few discrepancies. Wheat 90K SNP 

genotyping identified IV-20 as an interstitial 7B-7S recombinant with a small 7S segment 

proximal to a 7BL terminal segment on the long arm. However, the 7BL terminal segment in IV-

20 was not detected by FGISH (Figure 4.4; APPENDIX H). IV-1 was initially identified as a 7B-

7E terminal recombinant with a small 7E segment at the end of the long arm by FGISH. But, 

wheat 90K SNP genotyping detected a terminal 7B segment distal to the 7E segment on the long 

arm, identifying it as an interstitial 7B-7E recombinant (Figure 4.4; APPENDIX H). Some of the 

7B-7E and 7B-7S recombinants had similar FGISH patterns and could not be resolved by SNPs. 

Only one of the recombinants with the same SNP genotype was used for delineation and 

dissection analysis. Thus, we selected 26 representative 7B-7E recombinants involving 23 

unique recombination breakpoints and 38 representative 7B-7S recombinants involving 31 

unique breakpoints to partition wheat chromosome 7B. The integrative SNP and FGISH analysis 

of the 7B-7E and 7B-7S recombinants resolved their recombination breakpoints and segment 

sizes. Consequently, wheat chromosome 7B was physically partitioned and dissected by these 

homoeologous recombination events. The overall results about 7B-7E and 7B-7S recombination-
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based partition and dissection of wheat chromosome 7B are graphically illustrated in Figure 4.6. 

The physical locations of the recombination breakpoints were estimated as the middle point 

between the SNP loci immediately flanking the breakpoint (APPENDIX H). Most of the 7B-7E 

and 7B-7S recombination breakpoints clustered in the distal regions of the long arm (Figure 4.6). 

Figure 4.6. Graphical representation of the 26 7B-7E recombinants (top) and 38 7B-7S 
recombinants (bottom), showing their SNP genotypes and FGISH patterns. Blue bars represent 
chromosome 7E or7S segments and open bars for 7B segments. Red triangles point to the 
centromere positions.  
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Construction of the composite bin map for wheat chromosome 7B  

Chromosome 7B was partitioned into 24 bins with 430 SNPs assigned in based on the 

FGISH patterns and SNP genotyping data of the 26 representative 7B-7E recombinants. 

Likewise, chromosome 7B was partitioned into 32 bins with 352 SNPs assigned in based on the 

SNP data and FGISH patterns of the 38 representative 7B-7S recombinants. A composite bin 

map was constructed for chromosome 7B individually based on the 7B-7E and 7B-7S 

recombination, respectively (APPENDIX I). In addition, we integrated the SNP data and FGISH 

patterns of all representative 7B-7E and 7B-7S recombinants to construct a more informative 

composite bin map for wheat chromosome 7B. The integrative genetic and physical analysis with 

the reference genome sequence of the IWGSC RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/) 

led to the informative composite bin map containing 44 distinct bins and 523 SNPs (Figure 4.7). 

The estimated bin size ranged from 0.84 Mb to 266.74 Mb and the SNP density within each of 

the bins ranged from 1 to 107 (APPENDIX J). Two pericentromeric bins were significantly 

larger than others toward the distal regions on both arms, indicating fewer homoeologous 

recombination near the centromere region than other chromosomal region for the homoeologous 

pairs 7B-7E and 7B-7S. 
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Figure 4.7. Composite bin map of wheat chromosome 7B and corresponding partitioned 
chromosome 7B. Vertical bars indicate physical size of the bins, and curved lines indicate SNP 
numbers within each bin. All bins were color-coded according to their physical size and 
locations in the horizontal ideogram of chromosome 7B (bottom). Red triangles point to the 
centromere.  

Discussion 

Meiotic homoeologous recombination-based chromosome engineering generates 

genetically compensating recombinants for genome studies and genetic diversification of wheat 

and its relatives. Over the recent years, rapid advances in genomics and associated technologies 

have dramatically increased the efficacy and throughput of homoeologous recombination-based 

chromosome engineering in alien introgression and provided a unique approach of investigating 

the complex polyploid genome of wheat (Zhang et al., 2017, 2018a,b, 2019; Zhang et al., 2020). 

The availability of the wheat reference genome sequence IWGSC RefSeq v2.0 (https://wheat-

urgi.versailles.inra.fr/) and the genome sequences of Ae. speltoides and Th. elongatum permitted 

us to survey the polymorphisms of wheat chromosome 7B with its homoeologous counterparts 

7S in Ae. speltoides and 7E in Th. elongatum for chromosome-specific marker development. 
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Through that approach, we identified homoeoalleles at multiple SNP loci diagnostic for the 

pericentromeric regions and distal regions on both arms of the homoeologous pairs 7B-7E and 

7B-7S. The chromosome-specific STARP markers developed from the diagnostic SNPs tagged 

the critical homoeologous regions of chromosomes 7B, 7E, and 7S, allowing for pre-screening of 

large recombination populations for 7B-7E and 7B-7S recombinants. Thus, chromosome-specific 

DNA markers enable homoeologous recombination-based chromosome engineering in a large 

scale and improved efficacy. We induced and recovered a total of 29 7B-7E and 61 7B-7S 

recombinants using this genomics-enabled chromosome engineering technology. Integrative 

SNP genotyping and FGISH analysis of the recombinants partitioned wheat chromosome 7B into 

44 distinct bins with 523 SNPs assigned in, providing a unique homoeologous recombination-

based physical framework to wheat genome study. Overall, the homoeologous pair 7B-7S had a 

significantly higher recombination rate than 7B-7E. Also, multiple crossover-derived 

recombinants were recovered for 7B-7S, but not for 7B-7E. In addition, SNP analysis indicated 

that the homoeologous pair 7B-7S had lower polymorphism than 7B-7E. All these results 

suggest that Ae. speltoides chromosome 7S has a higher homology level with wheat chromosome 

7B than Th. elongatum chromosome 7E.   

The majority of 7B-7E and 7B-7S recombination events clustered in the distal and sub-

distal regions of these two homoeologous pairs. No 7B-7E and 7B-7S recombination events were 

recovered within the large pericentromeric region (>1/2 physical length of entire chromosome 

7B) (Figure 4.7). Also, we observed extremely low recombination with the short arms of both 

homoeologous pairs, especially for 7B-7E. This might result from the 4AL/7BS translocation 

involved in chromosome 7B, where the terminal 7BS segment was replaced by a 4AL segment 

(Devos et al., 1995; Miftahudin et al., 2004). Apparently, absence of the terminal region on 7BS 
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limited its recombination with the homoeologous regions on 7E and 7S. This was probably why 

7B-7E and 7B-7S recombination was so low on the short arms.  

Meiotic homoeologous recombination could occur between wheat and alien 

chromosomes, but also between wheat homoeologous chromosomes from different wheat 

subgenomes (A, B, and D) under the ph1b mutant condition. In this study, we used the ph1b 

mutant to induce 7B-7E and 7B-7S recombination under the double monosomic conditions (i.e. 

7B’+7E’ and 7B’+7S’). This should prioritize homoeologous recombination of chromosome 7B 

with 7E and 7S as expected. However, chromosome 7B under a monosomic condition (i.e. 7B’) 

might occasionally recombine with 7A or 7D by forming a heteromorphic trivalent during 

meiotic pairing. Similarly, chromosome 7E or 7S could occasionally recombine with 

chromosome 7A or 7D. Also, chromosome aberrations, including Robertsonian translocation, 

telocentric chromosomes, and deletions, occurred in the special genotypes. These untargeted 

homoeologous recombination and chromosome aberrations complicated the marker-based pre-

screening for recombinants and led to false pre-selection of the recombinants. We identified 23 

7B-7E recombinants from 116 individuals pre-selected by STARP markers and 43 7B-7S 

recombinants from 79 pre-selected individuals. The rest of the pre-selected individuals were 

verified as non-crossover-derived 7B-7E or 7B-7S recombinants by FGISH, including 

chromosome aberrations and possibly the recombinants of chromosome 7B with 7A or 7D.  

Both homologous and homoeologous recombination can be resolved by DNA markers. 

But, only homoeologous recombination can be visualized by FGISH, making it unique for 

genome study. We took this advantage of homoeologous recombination to partition wheat 

chromosome 7B for physical mapping by performing integrative marker and FGISH analysis of 

the 7B-7E and 7B-7S recombinants. The composite bin map of chromosome 7B constructed 
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through this approach provided a unique physical framework to wheat genome study. However, 

this homoeologous recombination-based chromosome mapping may confront limitations 

imposed by the physical coverage of markers on the targeted chromosomes and resolution of 

FGISH in chromatin detection. In this study, we identified a total of 29 7B-7E and 61 7B-7S 

recombinants. Some of the recombinants with close recombination breakpoints could not be 

distinguished from each other by FGISH. Also, they could not be resolved by the wheat 90K 

SNP genotyping assay due to the lack of diagnostic SNPs within the chromosomal regions 

between the breakpoints. So, we used only one of those recombinants for chromosome mapping. 

Thus, increasing marker coverage on the recombination chromosomes can make the similar 

recombinants resolvable and consequently improve the resolution of homoeologous 

recombination-based chromosome mapping. On the other hand, small recombination segments, 

which cannot be visualized by FGISH, may be detectable by the diagnostic markers tagging the 

segments. For instance, wheat 90K SNP genotyping assay detected a tiny 7BL terminal segment 

in the 7B-7S recombinant chromosome of IV-20 and a tiny 7EL terminal segment in the 7B-7E 

recombinant chromosome of IV-1. But both terminal segments were too small to be visualized 

by FGISH (Figure 4.4; APPENDIX H). In the same manner, FGISH might be able to detect the 

recombination segments that are not resolvable by markers due to the lack of diagnostic markers 

within the chromosomal region involved in the recombination, such as the interstitial 

recombination segments in the 7B-7S recombinants V-10 and V-11 (Figure 4.4) and the 

homoeologous recombination reported by Zhang et al. (2020).  

In summary, we physically dissected wheat chromosome 7B by homoeologous 

recombination-based chromosome engineering and developed a unique physical framework of 

chromosome 7B useful for wheat genome study. In addition, the 7B-7E and 7B-7S recombinants 
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diversify and enrich the wheat genome and represent a useful gene source for wheat 

improvement. The genomics-enabled chromosome engineering pipeline we developed in this 

study will further facilitate homoeologous recombination-based genome studies and alien 

introgression in wheat improvement. 
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APPENDIX A. THE 3B-3E RECOMBINANTS////ABERRATIONS AND THEIR 

CHROMOSOME CONSTITUTIONS 
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Recombinant 

ID 

Original 

recombinant code 

3B-3E recombinant 

chromosomes and 

aberrations 

Pedigree 
Recombination 

source 

I-1 XWC14-186-17 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-2 XWC14-186-2 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-3 XWC14-186-124 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-4 XWC14-186-1 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-5 XWC14-186-49 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-6 XWC14-186-67 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-7 XWC14-722-35 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-8 XWC14-186-35 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-9 XWC14-722-36 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-10 XWC14-186-134 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-11 XWC14-722-70 3BS-3ES·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-12 XWC14-186-13 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-13 XWC14-186-33 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-14 XWC14-186-4 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-15 XWC14-723-9 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-16 XWC14-186-88 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-17 XWC14-186-44 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-18 XWC14-723-21 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-19 XWC14-722-65 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-20 XWC14-723-30 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-22 XWC14-186-47 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-23 XWC14-722-21 3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-2 XWC14-186-14 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-4 XWC14-723-29 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-5 XWC14-722-67 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-6 XWC14-186-63 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-7 XWC14-186-37 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-8 XWC14-722-2 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-9 XWC14-186-80 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
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Recombinant 

ID 
Original 

recombinant code 

3B-3E recombinant 

chromosomes and 

aberrations 
Pedigree 

Recombination 

source 

II-10 XWC14-186-120 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-11 XWC14-466-16 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant (BC1F2) Primary 
II-12 XWC14-722-34 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-14 XWC14-723-17 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-15 XWC14-466-29 3ES-3BS·3BL CS DS 3E(3B)/2*CS ph1b mutant (BC1F2) Primary 
II-16 XWC14-186-62 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-18 XWC14-722-3 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-20 XWC14-186-143 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-21 XWC14-722-57 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-24 XWC14-186-138 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-25 XWC14-722-68 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-26 XWC14-186-59 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
II-29 XWC14-186-115 3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
III-1 XWC14-186-133 3BS-3ES·3EL-3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
IV-1 XWC14-722-79 3ES-3BS·3BL-3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 

V-1&V-2 XWC14-186-65 
3ES·3EL-3BL+3DS·3DL(?)-

3EL 
CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 

VI-1 XWC14-723-8 3ES·3BL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
VI-2 XWC14-186-34 3BS·3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
VII-1 XWC14-186-27 3ES or 3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
VII-2 XWC14-186-30 3ES or 3EL CS DS 3E(3B)/2*CS ph1b mutant//CS DS 3E(3B) Primary 
I-21 MZ15-9-14 3ES·3EL-3BL XWC14-186-33/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-1 MZ15-9-1 3ES-3BS·3BL XWC14-186-33/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-3 MZ15-4-1 3ES-3BS·3BL XWC14-186-13/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-13 MZ15-11-12 3BS·3BL-3EL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-17 MZ15-2-79 3BS·3BL-3EL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-19 MZ15-11-5 3BS·3BL-3EL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-22 MZ15-2-56 3BS·3BL-3EL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-23 MZ15-2-47 3BS·3BL-3EL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
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Recombinant 

ID 
Original 

recombinant code 

3B-3E recombinant 

chromosomes and 

aberrations 
Pedigree 

Recombination 

source 

II-27 MZ15-1-5 3BS·3BL-3EL XWC14-186-1/CS ph1b mutant//CS DS 3E(3B) Secondary 
II-28 MZ15-2-2 3BS·3BL-3EL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-2 MZ15-2-7 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-3 MZ15-11-13 3BS-3ES·3EL-3BL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-4 MZ15-2-58 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-5 MZ15-4-3 3BS-3ES·3EL-3BL XWC14-186-13/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-6 MZ15-2-43 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-7 MZ15-2-72 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-8 MZ15-11-35 3BS-3ES·3EL-3BL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-9 MZ15-2-68 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-10 MZ15-11-36 3BS-3ES·3EL-3BL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-11 MZ15-11-21 3BS-3ES·3EL-3BL XWC14-186-35/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-12 MZ15-2-37 3BS-3ES·3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-13 MZ15-14-6 3BS-3ES·3EL-3BL XWC14-186-47/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-16 MZ15-14-58 3BS-3ES·3EL-3BL XWC14-186-47/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-17 MZ15-14-76 3BS-3ES·3EL-3BL XWC14-186-47/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-18 MZ15-14-44 3BS-3ES·3EL-3BL XWC14-186-47/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-19 MZ15-14-29 3BS-3ES·3EL-3BL XWC14-186-47/CS ph1b mutant//CS DS 3E(3B) Secondary 
IV-2 MZ15-2-11 3BS-3ES-3BS·3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
IV-6 MZ15-2-34 3BS·3BL-3EL-3BL XWC14-186-2/CS ph1b mutant//CS DS 3E(3B) Secondary 
IV-8 MZ15-4-2 3BS·3BL-3EL-3BL XWC14-186-13/CS ph1b mutant//CS DS 3E(3B) Secondary 
III-14 MZ16-3rd-3-39 3BS-3ES·3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
III-15 MZ16-3rd-4-12 3BS-3ES·3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
III-20 MZ16-3rd-3-28 3BS-3ES·3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
IV-3 MZ16-3rd-1-5 3BS-3ES-3BS·3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
IV-4 MZ16-3rd-3-35 3BS·3BL-3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
IV-5 MZ16-3rd-3-17 3BS·3BL-3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 
IV-7 MZ16-3rd-1-13 3BS·3BL-3EL-3BL MZ15-11-21/CS ph1b mutant//CS DS 3E(3B) Tertiary 

a Homozygous means disomic for the recombinant, while heterozygous means double monosomic for the recombinant and 3E. 
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APPENDIX B. MEASUREMENT AND SIZE CALCULATION OF THE 3B-3E 

RECOMBINANT CHROMOSOMES 
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Recombi

nation 

source  

Recomb

inant ID 

Original 

recombinant 

code 

 

Recombinant 

chromosome 

composition 

Cells 

Absolute physical length (μm) 

Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary III-1 XWC14-186-133 
3BS-

3ES·3EL-3BL 

1 2.56 0.34 2.67 0.76 0.83 

0.86 0.83 
Double 

crossover 
2 2.60 0.38 3.35 0.70 0.85 

3 2.65 0.54 4.20 0.68 0.85 

Mean 2.60 0.42 3.41 0.71 0.84 

Primary IV-1 XWC14-722-79 
3ES-

3BS·3BL-3EL 

1 0.59 3.35 0.97 5.23 0.15 

0.85 0.80 
Double 

crossover 

2 0.69 4.41 1.62 7.01 0.17 

3 0.67 3.05 1.29 4.98 0.20 

4 0.69 3.39 1.14 4.39 0.19 

5 0.59 3.20 1.46 4.03 0.22 

6 0.60 3.99 0.92 4.79 0.15 

Mean 0.64 3.57 1.23 5.07 0.18 

Primary I-2 XWC14-186-2 3BS-3ES·3EL 

1 3.18 0.64 5.47 0.00 0.93 

0.84 - 

Single 
crossover 
on short 

arm 

2 3.40 0.64 7.06 0.00 0.94 

3 2.57 0.69 4.91 0.00 0.92 

4 2.47 0.46 4.66 0.00 0.94 

5 2.75 0.40 5.22 0.00 0.95 

Mean 2.87 0.57 5.46 0.00 0.94 

Primary 
 

II-10 XWC14-186-120 3ES-3BS·3BL 

1 0.74 4.73 0.00 7.07 0.06 

0.84 - 

Single 
crossover 
on short 

arm 

2 0.85 4.79 0.00 6.38 0.07 

3 0.92 4.62 0.00 6.36 0.08 

4 0.91 3.41 0.00 6.51 0.08 

Mean 0.86 4.39 0.00 6.58 0.07 

Primary I-1 XWC14-186-17 3BS-3ES·3EL 

1 2.70 0.66 6.05 0.00 0.93 

0.83 - 

Single 
crossover 
on short 

arm 

2 5.64 0.92 14.99 0.00 0.96 

3 3.49 0.82 6.46 0.00 0.92 

4 4.43 0.74 9.17 0.00 0.95 

Mean 4.07 0.79 9.17 0.00 0.94 

Primary II-9 XWC14-186-80 3ES-3BS·3BL 

1 0.74 4.72 0.00 6.65 0.06 

0.82 - 

Single 
crossover 
on short 

arm 

2 1.09 5.20 0.00 9.49 0.07 

3 2.05 9.10 0.00 14.97 0.08 

4 1.49 4.68 0.00 10.40 0.09 

Mean 1.34 5.93 0.00 10.38 0.08 
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Recombi

nation 

source  

Recomb

inant ID 

Original 

recombinant 

code 

 

Recombinant 

chromosome 

composition 

Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary I-3 XWC14-186-124 3BS-3ES·3EL 

1 3.36 0.89 6.66 0.00 0.92 

0.80 - 

Single 
crossover 
on short 

arm 

2 2.73 0.71 7.01 0.00 0.93 

3 3.88 0.81 6.80 0.00 0.93 

4 2.75 0.68 5.79 0.00 0.93 

5 3.69 0.81 6.83 0.00 0.93 

6 2.97 0.73 6.72 0.00 0.93 

7 2.84 0.72 6.27 0.00 0.93 

Mean 3.17 0.76 6.58 0.00 0.93 

Primary I-4 XWC14-186-1 3BS-3ES·3EL 

1 3.76 0.87 5.84 0.00 0.92 

0.78 - 

Single 
crossover 
on short 

arm 

2 3.30 0.93 5.88 0.00 0.91 

3 3.00 0.77 5.66 0.00 0.92 

4 2.29 0.76 5.02 0.00 0.91 

5 3.29 1.10 6.39 0.00 0.90 

Mean 3.13 0.89 5.76 0.00 0.91 

Primary II-8 XWC14-722-2 3ES-3BS·3BL 

1 1.14 4.38 0.00 7.66 0.09 

0.77 - 

Single 
crossover 
on short 

arm 

2 1.03 4.23 0.00 6.11 0.09 

3 1.26 3.37 0.00 5.91 0.12 

4 1.14 3.41 0.00 6.28 0.11 

Mean 1.14 3.85 0.00 6.49 0.10 

Primary II-7 XWC14-186-37 3ES-3BS·3BL 

1 1.63 4.03 0.00 7.55 0.12 

0.76 - 

Single 
crossover 
on short 

arm 

2 1.63 4.54 0.00 7.02 0.12 

3 0.92 3.63 0.00 5.41 0.09 

4 1.02 3.70 0.00 5.35 0.10 

5 0.97 3.31 0.00 5.35 0.10 

Mean 1.23 3.84 0.00 6.14 0.11 

Primary II-5 XWC14-722-67 3ES-3BS·3BL 

1 1.62 5.04 0.00 8.70 0.11 

0.74 - 

Single 
crossover 
on short 

arm 

2 1.57 4.81 0.00 7.69 0.11 

3 1.54 3.83 0.00 7.29 0.12 

Mean 1.58 4.56 0.00 7.89 0.11 

Primary II-6 XWC14-186-63 3ES-3BS·3BL 

1 0.87 2.45 0.00 4.20 0.12 

0.74 - 

Single 
crossover 
on short 

arm 

2 1.21 3.61 0.00 6.15 0.11 

Mean 1.04 3.03 0.00 5.18 0.11 
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Recombi

nation 

source  

Recomb

inant ID 

Original 

recombinant 

code 

 

Recombinant 

chromosome 

composition 

Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary I-5 XWC14-186-49 3BS-3ES·3EL 

1 2.05 0.70 4.61 0.00 0.90 

0.73 - 

Single 
crossover 
on short 

arm 

2 2.76 0.99 6.89 0.00 0.91 

3 2.58 1.09 6.33 0.00 0.89 

Mean 2.46 0.93 5.94 0.00 0.90 

Primary I-6 XWC14-186-67 3BS-3ES·3EL 

1 2.65 1.09 5.55 0.00 0.88 

0.73 - 

Single 
crossover 
on short 

arm 

2 3.05 1.09 5.72 0.00 0.89 

3 2.60 0.99 5.56 0.00 0.89 

4 2.78 1.04 4.73 0.00 0.88 

5 2.92 0.99 5.02 0.00 0.89 
Mean 2.80 1.04 5.32 0.00 0.89 

Primary I-7 XWC14-722-35 3BS-3ES·3EL 

1 2.08 1.21 5.99 0.00 0.87 

0.73 - 

Single 
crossover 
on short 

arm 

2 2.54 0.85 4.99 0.00 0.90 

3 2.05 0.72 4.44 0.00 0.90 

4 1.99 0.71 4.30 0.00 0.90 

5 2.86 0.87 4.51 0.00 0.89 

Mean 2.30 0.87 4.85 0.00 0.89 

Primary I-8 XWC14-186-35 3BS-3ES·3EL 

1 3.47 1.45 5.48 0.00 0.86 

0.73 - 

Single 
crossover 
on short 

arm 

2 4.06 1.30 7.35 0.00 0.90 

3 3.87 1.65 8.48 0.00 0.88 

4 3.18 1.12 6.34 0.00 0.89 

Mean 3.65 1.38 6.91 0.00 0.88 

Primary I-9 XWC14-722-36 3BS-3ES·3EL 

1 2.63 1.06 5.54 0.00 0.89 

0.70 - 

Single 
crossover 
on short 

arm 

2 2.31 0.90 4.62 0.00 0.89 
3 2.12 0.90 4.38 0.00 0.88 
4 1.60 0.85 5.16 0.00 0.89 

Mean 2.17 0.93 4.93 0.00 0.88 

Primary II-4 XWC14-723-29 3ES-3BS·3BL 

1 0.94 1.77 0.00 4.22 0.14 

0.69 - 

Single 
crossover 
on short 

arm 

2 1.17 2.91 0.00 5.12 0.13 

Mean 1.06 2.34 0.00 4.67 0.13 

Primary I-10 XWC14-186-134 3BS-3ES·3EL 

1 3.09 1.95 8.53 0.00 0.86 

0.62 - 

Single 
crossover 
on short 

arm 

2 3.81 2.17 9.19 0.00 0.86 

3 5.40 3.21 12.45 0.00 0.85 

4 3.33 2.00 7.45 0.00 0.84 

5 2.94 1.98 7.77 0.00 0.84 

6 2.85 1.73 7.48 0.00 0.86 

Mean 3.57 2.17 8.81 0.00 0.85 
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Recombi

nation 

source  

Recomb

inant ID 

Original 

recombinant 

code 

 

Recombinant 

chromosome 

composition 

Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary II-2 XWC14-186-14 3ES-3BS·3BL 

1 1.79 2.39 0.00 5.72 0.18 

0.62 - 

Single 
crossover 
on short 

arm 

2 1.64 3.41 0.00 8.28 0.12 

3 1.99 3.06 0.00 7.08 0.16 

4 1.17 2.47 0.00 5.88 0.12 

5 1.46 1.99 0.00 6.23 0.15 

6 1.38 2.24 0.00 5.70 0.15 

7 1.33 1.67 0.00 5.93 0.15 

Mean 1.54 2.46 0.00 6.40 0.15 

Primary I-11 XWC14-722-70 3BS-3ES·3EL 

1 1.85 2.80 5.84 0.00 0.73 

0.42 - 

Single 
crossover 
on short 

arm 

2 2.39 3.15 6.48 0.00 0.74 

Mean 2.12 2.98 6.16 0.00 0.74 

Secondary III-16 MZ15-14-58 
3BS-

3ES·3EL-3BL 

1 3.73 1.02 2.43 4.11 0.55 

0.79 - 

Single 
crossover 
on short 

arm 

2 3.08 0.72 2.32 2.84 0.60 

3 3.52 1.04 1.85 3.15 0.56 

Mean 3.44 0.93 2.20 3.37 0.57 

Secondary III-18 MZ15-14-44 
3BS-

3ES·3EL-3BL 

1 2.60 0.92 2.19 3.40 0.53 

0.77 - 

Single 
crossover 
on short 

arm 

2 2.98 0.76 1.84 2.67 0.58 

Mean 2.79 0.84 2.02 3.04 0.55 

Secondary III-17 MZ15-14-76 
3BS-

3ES·3EL-3BL 

1 2.67 0.72 1.57 2.08 0.60 

0.76 - 

Single 
crossover 
on short 

arm 

2 2.39 0.85 1.53 2.41 0.55 

Mean 2.53 0.79 1.55 2.25 0.57 

Secondary III-13 MZ15-14-6 
3BS-

3ES·3EL-3BL 

1 4.41 1.21 4.25 3.95 0.63 

0.75 - 

Single 
crossover 
on short 

arm 

2 4.01 1.29 3.16 3.44 0.60 

3 3.36 1.30 3.36 3.02 0.61 

Mean 3.93 1.27 3.59 3.47 0.61 

Secondary IV-2 MZ15-2-11 
3BS-3ES-
3BS·3BL 

1 0.62 0.54+3.60 0.00 5.80 0.06 

0.72 - 

Single 
crossover 
on short 

arm 

2 0.68 0.51+2.58 0.00 5.04 0.08 

Mean 0.65 0.53+3.09 0.00 5.42 0.07 

Secondary III-5 MZ15-4-3 
3BS-

3ES·3EL-3BL 

1 4.06 1.38 6.25 1.25 0.80 

0.72 - 

Single 
crossover 
on short 

arm 

2 4.02 1.61 6.11 0.84 0.81 

3 3.65 1.45 6.18 1.02 0.80 

4 4.99 1.78 8.43 1.40 0.81 

5 3.33 1.56 5.85 0.83 0.79 
Mean 4.01 1.56 6.56 1.07 0.80 
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Recombi

nation 

source  

Recomb

inant ID 

Original 

recombinant 

code 

 

Recombinant 

chromosome 

composition 

Cells 

Absolute physical length (μm) 

Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Secondary III-19 MZ15-14-29 
3BS-

3ES·3EL-3BL 

1 2.76 1.14 1.62 3.24 0.50 

0.70 - 

Single 
crossover 
on short 

arm 

2 2.39 1.02 1.54 3.42 0.47 

3 2.54 1.04 1.88 2.91 0.53 

4 2.08 1.04 1.74 2.06 0.55 

Mean 2.44 1.06 1.70 2.91 0.51 

Secondary II-3 MZ15-4-1 3ES-3BS·3BL 

1 1.53 2.76 0.00 5.96 0.15 

0.68 - 

Single 
crossover 
on short 

arm 

2 1.24 2.75 0.00 4.85 0.14 

3 1.48 3.44 0.00 5.52 0.14 

Mean 1.42 2.98 0.00 5.44 0.14 

Secondary II-1 MZ15-9-1 3ES-3BS·3BL 

1 2.34 1.73 0.00 5.60 0.24 

0.37 - 

Single 
crossover 
on short 

arm 

2 2.52 1.45 0.00 4.76 0.29 

3 2.39 1.14 0.00 5.11 0.28 

Mean 2.42 1.44 0.00 5.16 0.27 

Tertiary IV-3 MZ16-3rd-1-5 
3BS-3ES-
3BS·3BL 

1 0.85 1.54+3.77 0.00 8.82 0.06 

0.55 - 

Single 
crossover 
on short 

arm 

2 0.85 1.38+2.48 0.00 7.41 0.07 

3 0.54 1.08+1.74 0.00 5.14 0.06 

Mean 0.75 1.33+2.66 0.00 7.12 0.06 

Primary I-12 XWC14-186-13 3ES·3EL-3BL 

1 4.95 0.00 6.78 1.32 0.90 

- 0.85 

Single 
crossover 
on long 

arm 

2 2.45 0.00 3.75 0.77 0.89 

3 3.19 0.00 5.19 0.81 0.91 

4 3.72 0.00 5.77 0.77 0.92 

5 3.93 0.00 4.36 0.91 0.90 

Mean 3.65 0.00 5.17 0.92 0.91 

Primary I-13 XWC14-186-33 3ES·3EL-3BL 

1 4.46 0.00 6.54 1.33 0.89 

- 0.85 

Single 
crossover 
on long 

arm 

2 5.11 0.00 6.52 1.12 0.91 

3 4.02 0.00 4.54 0.64 0.93 

4 6.15 0.00 7.03 1.19 0.92 

Mean 4.94 0.00 6.16 1.07 0.91 

Primary II-29 XWC14-186-115 3BS·3BL-3EL 

1 0.00 3.95 0.72 4.96 0.07 

- 0.85 

Single 
crossover 
on long 

arm 

2 0.00 3.62 0.72 4.01 0.09 

3 0.00 2.98 0.62 3.04 0.09 

Mean 0.00 3.52 0.69 4.00 0.08 

Primary II-26 XWC14-186-59 3BS·3BL-3EL 

1 0.00 4.49 0.99 4.99 0.09 

- 0.84 

Single 
crossover 
on long 

arm 

2 0.00 4.59 1.09 5.60 0.10 

Mean 0.00 4.54 1.04 5.30 0.10 
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Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary II-25 XWC14-722-68 3BS·3BL-3EL 

1 0.00 3.98 1.03 4.20 0.11 

- 0.82 

Single 
crossover 
on long 

arm 

2 0.00 7.62 1.63 7.86 0.10 
3 0.00 4.68 1.14 4.21 0.11 
4 0.00 5.24 1.43 6.07 0.11 
5 0.00 4.53 1.02 5.85 0.09 
6 0.00 4.66 1.06 4.75 0.10 
7 0.00 5.46 1.24 5.29 0.10 

Mean 0.00 5.17 1.22 5.46 0.10 

Primary I-14 XWC14-186-4 3ES·3EL-3BL 

1 3.17 0.00 4.24 0.77 0.91 

- 0.81 

Single 
crossover 
on long 

arm 

2 3.53 0.00 4.73 0.87 0.90 
3 3.40 0.00 4.94 0.93 0.90 
4 3.24 0.00 3.59 1.13 0.86 
5 3.35 0.00 4.41 1.28 0.86 

Mean 3.34 0.00 4.38 1.00 0.89 

Primary I-15 XWC14-723-9 3ES·3EL-3BL 

1 5.50 0.00 6.52 1.54 0.89 

- 0.81 

Single 
crossover 
on long 

arm 

2 5.34 0.00 6.25 1.38 0.89 
3 5.12 0.00 5.63 1.27 0.89 
4 5.95 0.00 7.29 1.87 0.88 

Mean 5.48 0.00 6.42 1.52 0.89 

Primary II-24 XWC14-186-138 3BS·3BL-3EL 

1 0.00 4.00 1.09 4.90 0.11 

- 0.81 

Single 
crossover 
on long 

arm 

2 0.00 3.87 1.43 5.55 0.13 
3 0.00 4.51 1.10 4.77 0.11 
4 0.00 4.75 1.43 5.77 0.12 
5 0.00 6.62 1.51 7.35 0.10 

Mean 0.00 4.75 1.31 5.67 0.11 

Primary I-16 XWC14-186-88 3ES·3EL-3BL 

1 2.79 0.00 2.91 0.99 0.85 

- 0.76 

Single 
crossover 
on long 

arm 

2 3.01 0.00 3.23 0.93 0.87 

Mean 2.90 0.00 3.07 0.96 0.86 

Primary I-17 XWC14-186-44 3ES·3EL-3BL 

1 3.17 0.00 3.41 1.23 0.84 

- 0.74 

Single 
crossover 
on long 

arm 

2 2.52 0.00 2.65 0.87 0.86 

Mean 2.85 0.00 3.03 1.05 0.85 

Primary II-21 XWC14-722-57 3BS·3BL-3EL 

1 0.00 4.87 2.02 5.06 0.17 

- 0.72 

Single 
crossover 
on long 

arm 

2 0.00 4.61 1.88 4.46 0.17 

3 0.00 4.65 1.38 4.11 0.14 

4 0.00 3.85 1.91 4.73 0.18 

5 0.00 3.87 1.53 4.12 0.16 

Mean 0.00 4.37 1.74 4.50 0.16 
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Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 

Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary II-20 XWC14-186-143 3BS·3BL-3EL 

1 0.00 5.05 2.29 5.65 0.18 

- 0.71 

Single 
crossover 
on long 

arm 

2 0.00 4.57 1.68 4.53 0.16 

3 0.00 3.71 1.37 3.39 0.16 

4 0.00 4.52 1.73 3.77 0.17 

5 0.00 3.41 1.54 3.46 0.18 

6 0.00 3.58 1.42 3.27 0.17 

Mean 0.00 4.14 1.67 4.01 0.17 

Primary II-18 XWC14-722-3 3BS·3BL-3EL 

1 0.00 5.49 2.58 4.38 0.21 

- 0.68 

Single 
crossover 
on long 

arm 

2 0.00 5.40 2.63 5.49 0.19 

3 0.00 6.43 2.74 5.94 0.18 

4 0.00 5.95 2.36 5.32 0.17 

5 0.00 4.96 2.13 5.27 0.17 

Mean 0.00 5.65 2.49 5.28 0.19 

Primary I-18 XWC14-723-21 3ES·3EL-3BL 

1 2.85 0.00 2.67 1.25 0.82 

- 0.67 

Single 
crossover 
on long 

arm 

2 2.86 0.00 3.14 1.69 0.78 

3 5.80 0.00 5.22 2.38 0.82 

Mean 3.84 0.00 3.68 1.77 0.81 

Primary II-16 XWC14-186-62 3BS·3BL-3EL 

1 0.00 2.96 1.28 3.13 0.17 

- 0.63 

Single 
crossover 
on long 

arm 

2 0.00 2.73 1.41 3.23 0.19 

3 0.00 2.68 1.81 2.70 0.25 

4 0.00 5.26 3.25 4.20 0.26 

Mean 0.00 3.41 1.94 3.32 0.22 

Primary II-15 XWC14-466-29 3BS·3BL-3EL 

1 0.00 3.16 1.83 2.96 0.23 

- 0.62 

Single 
crossover 
on long 

arm 

2 0.00 3.74 2.48 4.06 0.24 

3 0.00 3.50 2.42 3.95 0.25 

Mean 0.00 3.47 2.24 3.66 0.24 

Primary II-14 XWC14-723-17 3BS·3BL-3EL 

1 0.00 3.65 2.00 3.01 0.23 

- 0.58 

Single 
crossover 
on long 

arm 

2 0.00 3.25 2.09 2.84 0.26 

3 0.00 6.04 3.36 4.07 0.25 

4 0.00 4.32 1.86 3.06 0.20 

5 0.00 4.90 2.16 3.47 0.21 

6 0.00 3.86 2.82 3.62 0.27 

Mean 0.00 4.34 2.38 3.35 0.24 
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Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Primary I-19 XWC14-722-65 3ES·3EL-3BL 

1 3.25 0.00 2.35 2.34 0.71 

- 0.56 

Single 
crossover 
on long 

arm 

2 5.60 0.00 4.83 3.69 0.74 

3 4.68 0.00 3.99 3.39 0.72 

4 3.41 0.00 2.79 2.21 0.74 

5 3.28 0.00 3.00 2.32 0.73 

6 5.29 0.00 4.83 3.38 0.75 

Mean 4.25 0.00 3.63 2.89 0.73 

Primary II-12 XWC14-722-34 3BS·3BL-3EL 

1 0.00 3.41 2.44 3.21 0.27 

- 0.55 

Single 
crossover 
on long 

arm 

2 0.00 3.66 3.02 3.46 0.30 

Mean 0.00 3.54 2.73 3.34 0.28 

Primary I-20 XWC14-723-30 3ES·3EL-3BL 

1 4.17 0.00 2.25 2.43 0.73 

- 0.49 

Single 
crossover 
on long 

arm 

2 3.16 0.00 1.67 1.77 0.73 

3 3.12 0.00 2.21 2.09 0.72 

4 2.70 0.00 2.02 2.14 0.69 

Mean 2.63 0.00 1.63 1.69 0.72 

Primary I-22 XWC14-186-47 3ES·3EL-3BL 

1 2.78 0.00 1.47 3.04 0.58 

- 0.32 

Single 
crossover 
on long 

arm 

1 3.59 0.00 1.38 3.08 0.62 

1 3.04 0.00 1.46 3.08 0.59 

Mean 2.35 0.00 1.08 2.30 0.60 

Primary II-11 XWC14-466-16 3BS·3BL-3EL 

1 0.00 4.70 6.53 2.26 0.48 

- 0.29 

Single 
crossover 
on long 

arm 

2 0.00 4.28 4.96 1.99 0.44 

3 0.00 4.15 4.51 1.91 0.43 

4 0.00 4.78 3.67 1.78 0.36 

Mean 0.00 4.48 4.92 1.99 0.43 

Primary I-23 XWC14-722-21 3ES·3EL-3BL 

1 3.88 0.00 1.53 3.66 0.60 

- 0.27 

Single 
crossover 
on long 

arm 

2 3.37 0.00 1.46 3.71 0.57 

3 3.21 0.00 1.04 3.64 0.54 

4 3.03 0.00 1.23 3.42 0.55 

5 3.87 0.00 1.90 4.55 0.56 

Mean 3.47 0.00 1.43 3.80 0.56 

Secondary II-28 MZ15-2-2 3BS·3BL-3EL 

1 0.00 4.74 0.99 5.50 0.09 

- 0.85 

Single 
crossover 
on long 

arm 

2 0.00 4.62 0.76 5.20 0.07 

3 0.00 4.12 0.92 4.28 0.10 

4 0.00 4.22 0.85 5.20 0.08 

5 0.00 4.21 0.92 4.81 0.09 

Mean 0.00 4.38 0.89 5.00 0.09 



 

 

101

Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Secondary III-3 MZ15-11-13 
3BS-

3ES·3EL-3BL 

1 3.05 0.99 4.96 0.92 0.81 

- 0.85 

Single 
crossover 
on long 

arm 

2 2.81 0.92 4.28 0.85 0.80 

3 2.90 1.04 4.03 0.72 0.80 

4 3.31 0.99 5.07 0.85 0.82 

5 2.61 1.04 5.17 0.76 0.81 

Mean 2.94 1.00 4.70 0.82 0.81 

Secondary II-27 MZ15-1-5 3BS·3BL-3EL 

1 0.00 3.98 0.81 4.53 0.09 

- 0.84 

Single 
crossover 
on long 

arm 

2 0.00 4.38 0.87 4.81 0.09 

3 0.00 4.73 1.07 5.55 0.09 

Mean 0.00 4.36 0.92 4.96 0.09 

Secondary III-2 MZ15-2-7 
3BS-

3ES·3EL-3BL 

1 2.78 0.70 4.89 0.99 0.82 

- 0.84 

Single 
crossover 
on long 

arm 

2 4.11 0.68 5.04 0.85 0.86 

3 2.70 0.72 4.72 0.87 0.82 

Mean 3.20 0.70 4.88 0.90 0.83 

Secondary 
 
 

III-10 MZ15-11-36 
3BS-

3ES·3EL-3BL 

1 2.12 1.33 3.41 0.86 0.72 

- 0.82 

Single 
crossover 
on long 

arm 

2 1.95 1.23 2.88 0.54 0.73 

3 2.05 1.02 3.19 0.69 0.75 

Mean 2.04 1.19 3.16 0.70 0.73 

Secondary III-4 MZ15-2-58 
3BS-

3ES·3EL-3BL 

1 4.50 1.28 6.27 1.42 0.80 

- 0.81 

Single 
crossover 
on long 

arm 

2 4.34 1.05 5.07 1.28 0.80 

Mean 4.42 1.17 5.67 1.35 0.80 

Secondary II-23 MZ15-2-47 3BS·3BL-3EL 

1 0.00 4.42 1.31 5.26 0.12 

- 0.79 

Single 
crossover 
on long 

arm 

2 0.00 3.56 1.17 4.68 0.12 

3 0.00 4.20 1.13 5.00 0.11 

4 0.00 4.45 1.49 4.64 0.14 

Mean 0.00 4.16 1.28 4.90 0.12 

Secondary II-22 MZ15-2-56 3BS·3BL-3EL 

1 0.00 4.10 1.02 4.38 0.11 

- 0.77 

Single 
crossover 
on long 

arm 

2 0.00 5.19 2.28 6.71 0.16 

3 0.00 4.59 1.43 4.41 0.14 

Mean 0.00 4.63 1.58 5.17 0.14 

Secondary III-11 MZ15-11-21 
3BS-

3ES·3EL-3BL 

1 2.08 0.87 3.30 0.85 0.76 

- 0.76 

Single 
crossover 
on long 

arm 

2 2.33 1.25 3.09 1.03 0.70 

3 2.13 1.09 3.21 0.99 0.72 

4 2.54 1.09 3.74 1.14 0.74 

5 1.88 0.97 2.68 1.07 0.69 

Mean 2.19 1.05 3.20 1.02 0.72 
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Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Secondary III-8 MZ15-11-35 
3BS-

3ES·3EL-3BL 

1 2.35 0.62 3.57 0.80 0.81 

- 0.76 

Single 
crossover 
on long 

arm 

2 2.45 0.89 3.47 1.21 0.74 

3 2.74 0.92 3.15 1.12 0.74 

4 2.32 0.90 3.50 1.33 0.72 

5 2.21 0.85 3.49 0.99 0.76 

Mean 2.41 0.84 3.44 1.09 0.75 

Secondary III-9 MZ15-2-68 
3BS-

3ES·3EL-3BL 

1 2.81 1.03 3.42 1.53 0.71 

- 0.74 

Single 
crossover 
on long 

arm 

2 2.32 0.85 3.37 1.34 0.72 

3 3.52 0.92 5.59 1.54 0.79 

Mean 2.88 0.93 4.13 1.47 0.74 

Secondary IV-8 MZ15-4-2 
3BS·3BL-
3EL-3BL 

1 0.00 5.24 1.09 5.31+0.85 0.09 

- 0.73 

Single 
crossover 
on long 

arm 

2 0.00 3.85 0.62 3.85+0.76 0.07 

3 0.00 4.13 0.87 4.16+0.70 0.09 

Mean 0.00 4.41 0.86 4.44+0.77 0.08 

Secondary III-6 MZ15-2-43 
3BS-

3ES·3EL-3BL 

1 3.54 0.56 3.70 1.56 0.77 

- 0.71 

Single 
crossover 
on long 

arm 

2 5.01 1.20 5.39 1.93 0.77 

3 2.52 0.38 2.95 1.41 0.75 

Mean 3.69 0.71 4.01 1.63 0.77 

Secondary III-7 MZ15-2-72 
3BS-

3ES·3EL-3BL 

1 3.64 0.74 4.79 2.41 0.73 

- 0.71 

Single 
crossover 
on long 

arm 

2 3.26 0.54 4.41 1.53 0.79 

3 2.11 0.79 3.72 1.45 0.72 

Mean 3.00 0.69 4.31 1.80 0.75 

Secondary II-17 MZ15-2-79 3BS·3BL-3EL 

1 0.00 5.06 2.47 5.83 0.18 

- 0.68 

Single 
crossover 
on long 

arm 

2 0.00 4.68 2.24 4.27 0.20 

Mean 0.00 4.87 2.36 5.05 0.19 

Secondary II-19 MZ15-11-5 3BS·3BL-3EL 

1 0.00 5.07 3.07 4.80 0.24 

- 0.67 

Single 
crossover 
on long 

arm 

2 0.00 4.70 1.90 4.75 0.17 

3 0.00 5.23 2.25 5.02 0.18 

4 0.00 4.82 2.12 4.23 0.19 

Mean 0.00 4.96 2.34 4.70 0.19 

Secondary IV-6 MZ15-2-34 
3BS·3BL-
3EL-3BL 

1 0.00 3.59 0.76 0.71+2.78 0.10 

- 0.63 

Single 
crossover 
on long 

arm 

2 0.00 3.68 0.99 0.92+3.09 0.11 

3 0.00 3.68 1.26 0.64+3.05 0.15 

4 0.00 2.94 0.94 0.81+2.94 0.12 

Mean 0.00 3.47 0.99 0.77+2.97 0.12 
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Recombi

nation 

source 

Recomb

inant ID 

Original 

recombinant 

code 

Recombinant 

chromosome 

composition 
Cells 

Absolute physical length (μm) 
Relative 

length of 

3E 

segmenta 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

short armb 

Mean relative 

length of the 

proximal 

segment in the 

recombinant 

long armc 

Note 
3E 

segments 

on the 

short arm 

3B 

segments 

on the 

short arm 

3E 

segments 

on the 

long arm 

3B 

segments 

on the 

long arm 

Secondary III-12 MZ15-2-37 
3BS-

3ES·3EL-3BL 

1 1.60 0.74 2.27 1.25 0.66 

- 0.57 

Single 
crossover 
on long 

arm 

2 1.74 0.71 1.71 1.71 0.59 

3 2.12 0.68 2.09 1.77 0.63 

4 2.57 0.57 3.06 2.19 0.67 

Mean 2.01 0.68 2.28 1.73 0.64 

Secondary II-13 MZ15-11-12 3BS·3BL-3EL 

1 0.00 4.66 2.54 2.81 0.25 

- 0.51 

Single 
crossover 
on long 

arm 

2 0.00 5.17 3.30 3.41 0.28 

3 0.00 3.97 2.56 2.60 0.28 

Mean 0.00 4.60 2.80 2.94 0.27 

Secondary I-21 MZ15-9-14 3ES·3EL-3BL 

1 4.21 0.00 3.82 3.46 0.70 

- 0.50 

Single 
crossover 
on long 

arm 

2 4.11 0.00 2.16 2.60 0.71 

Mean 4.16 0.00 2.99 3.03 0.70 

Tertiary IV-7 MZ16-3rd-1-13 
3BS·3BL-
3EL-3BL 

1 0.00 6.66 1.09 5.82+1.47 0.07 

- 0.67 

Single 
crossover 
on long 

arm 

2 0.00 5.64 1.08 3.89+1.14 0.09 

Mean 0.00 6.15 1.09 4.86+1.31 0.08 

Tertiary IV-5 MZ16-3rd-3-17 
3BS·3BL-
3EL-3BL 

1 0.00 4.50 1.48 3.18+1.37 0.14 

- 0.55 

Single 
crossover 
on long 

arm 

2 0.00 4.44 1.02 2.60+0.76 0.12 

Mean 0.00 4.47 1.25 2.89+1.07 0.13 

Tertiary III-14 MZ16-3rd-3-39 
3BS-

3ES·3EL-3BL 

1 2.08 0.89 2.43 1.89 0.62 

- 0.55 

Single 
crossover 
on long 

arm 

2 1.93 0.76 1.94 1.58 0.62 

3 2.41 1.53 3.21 2.62 0.58 

Mean 2.14 1.06 2.53 2.03 0.60 

Tertiary III-15 MZ16-3rd-4-12 
3BS-

3ES·3EL-3BL 

1 2.51 0.91 2.96 2.29 0.63 

- 0.54 

Single 
crossover 
on long 

arm 

2 2.65 1.43 3.19 2.90 0.57 

3 1.41 1.14 3.02 2.77 0.53 

Mean 2.19 1.16 3.06 2.65 0.58 

Tertiary IV-4 MZ16-3rd-3-35 
3BS·3BL-
3EL-3BL 

1 0.00 3.88 1.73 2.62+1.02 0.19 

- 0.46 

Single 
crossover 
on long 

arm 

2 0.00 4.54 1.83 2.25+0.82 0.19 

3 0.00 3.89 1.96 2.37+1.05 0.21 

Mean 0.00 4.10 1.84 2.41+0.96 0.20 

Tertiary III-20 MZ16-3rd-3-28 
3BS-

3ES·3EL-3BL 

1 2.10 1.03 1.96 3.71 0.46 

- 0.32 

Single 
crossover 
on long 

arm 

2 1.80 0.97 1.33 2.85 0.45 

3 1.94 1.44 1.48 3.71 0.40 

Mean 1.95 1.15 1.59 3.42 0.44 
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aAbsolute physical length of the 3E segments/total length of the recombinant chromosome 
bAbsolute physical length of the proximal segment on short arm/total length of the recombinant short arm 
cAbsolute physical length of the proximal segment on long arm/total length of the recombinant long arm
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APPENDIX C. THE GENETIC AND PHYSICAL POSITION OF SNPS ASSIGNED TO 

THE COMPOSITE BIN MAP 

Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

70524 Tdurum_contig3507_103 5.858341 1754906 4.00E-46 

56145 RAC875_c27986_1460 4.540652 1757412 2.00E-26 

53709 RAC875_c13385_1268 5.858341 2620500 4.00E-46 

41710 Kukri_c17082_519 5.858341 2621494 4.00E-46 

11873 BS00094406_51 5.858341 2641215 4.00E-46 

73423 Tdurum_contig77551_586 51.07983 3145069 1.00E-43 

72138 Tdurum_contig50954_880 51.07233 3491459 4.00E-34 

72137 Tdurum_contig50954_475 51.07233 3492201 4.00E-40 

71813 Tdurum_contig47506_251 8.49872 3981913 4.00E-46 

64989 RFL_Contig5360_1282 9.698893 5709055 6.00E-36 

56857 RAC875_c33648_760 12.64682 5710182 5.00E-27 

23457 Excalibur_c20277_483 9.698893 5711960 4.00E-46 

35226 IAAV6644 12.64682 5712240 1.00E-97 

10800 BS00075373_51 14.10453 5799593 4.00E-46 

10801 BS00075374_51 14.10453 5799671 4.00E-46 

8755 BS00058860_51 11.8367 5800826 4.00E-46 

66968 Tdurum_contig11192_130 14.10453 5801745 4.00E-46 

20762 Ex_c4578_544 13.79198 5801746 4.00E-46 

14318 CAP7_c9234_109 11.8367 6085500 4.00E-46 

78856 wsnp_Ex_c8360_14085858 11.25912 6086489 2.00E-50 

3843 BobWhite_c54480_387 11.8367 6353721 1.00E-43 

11523 BS00087757_51 11.8742 6383649 4.00E-46 

73929 Tdurum_contig9514_807 5.858341 6383751 4.00E-46 

70488 Tdurum_contig34149_219 11.46415 6526064 4.00E-46 

12194 BS00102648_51 11.55916 6692679 4.00E-43 

12193 BS00102646_51 11.55916 6694030 4.00E-46 

51224 Ra_c16527_465 11.55916 6805622 4.00E-46 

43766 Kukri_c2972_110 9.723896 6816413 4.00E-46 

21900 Excalibur_c11505_806 20.13539 12196052 1.00E-43 

75222 tplb0059m03_622 20.13539 12196192 4.00E-46 

6402 BS00011438_51 19.31527 12196340 4.00E-46 

75221 tplb0059m03_1516 20.13539 12197086 4.00E-46 

29081 Excalibur_c8386_1009 14.10453 12376892 4.00E-46 

78861 wsnp_Ex_c8386_14128029 20.13539 12377476 1.00E-100 

80635 wsnp_Ku_c6602_11531957 21.33306 12377634 1.00E-105 

13878 CAP7_c1997_79 14.10453 12378819 6.00E-39 

8467 BS00047528_51 14.10453 12807215 4.00E-46 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

4343 BobWhite_c7454_363 14.10453 12807375 4.00E-46 

34624 IAAV2853 14.10453 13605940 1.00E-100 

41244 Kukri_c14642_917 14.10453 13606214 4.00E-46 

6931 BS00022154_51 14.10453 13649775 4.00E-46 

7919 BS00033209_51 23.35335 14178180 4.00E-46 

12253 BS00105741_51 14.10453 14208290 4.00E-46 

6054 BS00009393_51 14.10453 14208365 4.00E-46 

77234 wsnp_Ex_c22154_31342077 23.35335 14209627 1.00E-105 

27758 Excalibur_c5779_263 14.10453 14284327 6.00E-36 

37219 JD_c23336_253 23.35335 14285635 2.00E-45 

65094 RFL_Contig5709_3446 25.0936 14911089 4.00E-46 

64001 RFL_Contig2585_1280 14.10453 15046659 4.00E-46 

71417 Tdurum_contig43378_256 14.10453 15060886 4.00E-46 

19838 Ex_c14144_581 14.10453 17642925 7.00E-43 

74456 tplb0032a08_1721 14.10453 17643312 4.00E-46 

64711 RFL_Contig4531_1195 12.64682 19097498 4.00E-46 

29792 Excalibur_rep_c102055_320 12.64682 19097795 9.00E-32 

68698 Tdurum_contig17943_547 14.10453 19294922 4.00E-46 

22990 Excalibur_c17599_988 13.79198 19296876 4.00E-46 

26277 Excalibur_c41820_354 30.33436 19491265 4.00E-46 

9415 BS00064956_51 29.9618 21041047 4.00E-46 

30032 Excalibur_rep_c104498_168 32.98724 21987684 1.00E-43 

48628 Kukri_rep_c101341_425 14.10453 21994485 6.00E-45 

30862 Excalibur_rep_c67448_528 32.98724 21996727 4.00E-43 

77087 wsnp_Ex_c19993_29024127 32.20963 22615887 1.00E-105 

8163 BS00039218_51 33.72734 23544061 4.00E-46 

52160 Ra_c488_923 33.72734 23761782 5.00E-24 

52159 Ra_c488_1335 33.72734 23764095 4.00E-46 

8751 BS00058753_51 32.98724 23764557 4.00E-46 

21073 Ex_c66395_270 33.72734 23765939 4.00E-46 

36123 IACX6214 33.72734 24071874 9.00E-41 

73013 Tdurum_contig6501_449 34.19991 24512053 2.00E-41 

7629 BS00026471_51 5.78583 24512231 4.00E-46 

50786 Ra_c10565_1109 34.19991 25121884 4.00E-46 

68098 Tdurum_contig13898_648 34.19991 25640151 4.00E-46 

60454 RAC875_c7724_1312 34.19991 25816388 4.00E-46 

34803 IAAV3924 34.60747 26209910 1.00E-101 

67002 Tdurum_contig11297_571 34.61997 26578018 4.00E-46 

8377 BS00044752_51 37.28785 29667800 4.00E-46 

10462 BS00070455_51 34.19991 30651555 3.00E-44 

34181 GENE-4824_212 37.6404 30983234 3.00E-37 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

2169 BobWhite_c28090_175 37.6404 30983825 4.00E-46 

64363 RFL_Contig3455_700 41.32594 33769249 4.00E-46 

64362 RFL_Contig3455_629 14.10453 33769320 4.00E-46 

8453 BS00047114_51 48.12691 41179912 1.00E-43 

1583 BobWhite_c22370_352 50.03968 49022733 1.00E-30 

63642 RFL_Contig1456_842 50.03968 49467165 4.00E-46 

38620 Ku_c17747_568 56.75565 52298429 1.00E-43 

6987 BS00022242_51 54.2953 52298792 4.00E-46 

26832 Excalibur_c47078_1918 56.75565 52517932 1.00E-43 

26831 Excalibur_c47078_1842 56.75565 52518149 2.00E-35 

46435 Kukri_c54561_272 56.75565 52535450 4.00E-46 

25620 Excalibur_c35645_587 56.57312 53226507 4.00E-46 

42033 Kukri_c18797_409 54.68535 53827178 4.00E-46 

43841 Kukri_c30370_109 54.68535 53883422 2.00E-41 

4121 BobWhite_c62702_587 54.68535 60252917 4.00E-46 

74747 tplb0042o10_1533 54.68535 60254567 4.00E-46 

11759 BS00092488_51 57.97083 60364949 4.00E-46 

30709 Excalibur_rep_c116253_175 57.23822 61258830 3.00E-45 

35437 IAAV8162 57.23822 61260960 7.00E-31 

6294 BS00010818_51 57.97083 63548013 4.00E-46 

41163 Kukri_c14140_347 57.97083 64158793 4.00E-46 

10863 BS00076248_51 57.97083 64252923 4.00E-46 

75862 wsnp_CAP11_c323_263800 61.63885 66367511 8.00E-70 

14564 CAP8_c1799_237 61.63885 66367682 4.00E-46 

75861 wsnp_CAP11_c323_263628 61.63885 66367683 6.00E-81 

38850 Ku_c23207_988 61.63885 66643938 2.00E-29 

21926 Excalibur_c11594_246 59.77858 71253803 3.00E-28 

4450 BobWhite_c828_329 57.23822 71254647 2.00E-39 

77560 wsnp_Ex_c2820_5215394 57.23822 71254648 6.00E-93 

33758 GENE-4064_715 59.77858 71255516 3.00E-44 

24683 Excalibur_c2820_889 59.77858 71257204 4.00E-46 

80400 wsnp_Ku_c33335_42844680 56.80816 71880294 1.00E-104 

54939 RAC875_c20041_976 56.80816 71880295 4.00E-46 

80399 wsnp_Ku_c33335_42844594 57.23822 71880380 1.00E-104 

54938 RAC875_c20041_1062 59.77858 71880381 4.00E-46 

42446 Kukri_c2118_264 60.25115 74534815 3.00E-44 

34153 GENE-4761_106 61.40631 74537512 1.00E-43 

6079 BS00009566_51 61.63885 74541088 1.00E-43 

35623 IACX1024 59.77858 74541171 6.00E-58 

7439 BS00023137_51 60.25115 74700125 6.00E-45 

79920 wsnp_JD_c9805_10591233 60.25115 74714672 1.00E-105 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

50435 Kukri_rep_c85024_274 59.77858 75468927 4.00E-46 

45902 Kukri_c48750_1372 61.89389 77500513 4.00E-46 

45903 Kukri_c48750_1416 61.89389 77500557 4.00E-46 

5332 BobWhite_rep_c63085_120 60.72122 77891942 6.00E-45 

10937 BS00077528_51 61.63885 78174094 4.00E-46 

57062 RAC875_c35310_987 61.63885 79232964 2.00E-38 

57061 RAC875_c35310_770 61.63885 79234644 2.00E-41 

7390 BS00023037_51 61.40631 79761587 4.00E-46 

6436 BS00011570_51 61.89389 79887518 4.00E-46 

26800 Excalibur_c4661_915 61.63885 80897492 1.00E-43 

76769 wsnp_Ex_c15944_24350833 62.56898 91728193 2.00E-50 

76244 wsnp_Ex_c1097_2105311 62.56898 94211536 1.00E-105 

76243 wsnp_Ex_c1097_2105209 62.56898 94211638 1.00E-105 

77214 wsnp_Ex_c21930_31102213 62.56898 106939346 2.00E-62 

78274 wsnp_Ex_c4927_8772847 62.56898 108623982 1.00E-100 

57 BobWhite_c10402_170 62.56898 112728314 4.00E-46 

30974 Excalibur_rep_c68583_1067 62.56898 120570635 4.00E-46 

48816 Kukri_rep_c102888_154 62.56898 122207495 4.00E-46 

26240 Excalibur_c41477_1387 62.6665 125845884 3.00E-45 

79735 wsnp_JD_c2623_3541255 62.56898 126473824 8.00E-77 

25874 Excalibur_c37787_925 62.31145 126474138 6.00E-42 

42275 Kukri_c20199_83 62.56898 127886330 3.00E-44 

48693 Kukri_rep_c101837_143 62.56898 127887669 4.00E-46 

79895 wsnp_JD_c8629_9593995 62.56898 132314569 1.00E-68 

55784 RAC875_c25375_236 62.31145 144711632 1.00E-43 

29321 Excalibur_c90987_248 62.6665 145008358 4.00E-46 

35616 IAAV993 62.31145 146072501 1.00E-105 

78263 wsnp_Ex_c4888_8714379 62.31145 146073959 1.00E-105 

65260 RFL_Contig738_557 62.6665 152485728 1.00E-27 

71405 Tdurum_contig43263_243 62.31145 152783852 1.00E-43 

44174 Kukri_c3305_2048 62.31145 157667398 4.00E-46 

79923 wsnp_JD_c9902_10674626 62.31145 157667399 1.00E-102 

44006 Kukri_c3168_521 62.6665 159438856 6.00E-45 

66519 Tdurum_contig10437_346 73.35303 160644788 4.00E-46 

25607 Excalibur_c35491_788 62.6665 162444675 2.00E-41 

56329 RAC875_c29373_483 67.45468 173382234 1.00E-43 

23258 Excalibur_c19108_321 67.45468 173387540 4.00E-46 

79682 wsnp_JD_c17082_16025440 64.59177 202125322 1.00E-105 

44271 Kukri_c34038_562 65.55441 223836608 4.00E-46 

35317 IAAV7265 65.72194 226078785 3.00E-88 

55272 RAC875_c21955_719 65.72194 233490754 1.00E-43 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

8317 BS00042337_51 65.72194 233706272 4.00E-46 

13382 CAP12_c3646_76 64.7868 239305455 1.00E-43 

45768 Kukri_c4747_330 63.83667 241793829 4.00E-46 

10755 BS00074688_51 65.55441 244026021 8.00E-26 

77086 wsnp_Ex_c19982_29009504 64.0467 244066659 1.00E-105 

12299 BS00106922_51 63.96169 244067794 4.00E-46 

12003 BS00097481_51 65.72194 247280726 4.00E-46 

75535 wsnp_BE497469B_Ta_2_1 63.83667 248518437 6.00E-58 

14775 CAP8_c490_173 63.83667 251345407 4.00E-46 

73984 Tdurum_contig97351_247 63.83667 251345408 4.00E-46 

40524 Kukri_c11120_462 63.83667 251715641 4.00E-46 

36433 Jagger_c1219_603 64.7493 252827154 4.00E-46 

79546 wsnp_Ex_rep_c70174_69125822 64.7493 252827155 1.00E-105 

10391 BS00069274_51 65.55441 289973271 4.00E-46 

22499 Excalibur_c14803_1088 65.55441 384915500 2.00E-45 

10723 BS00074287_51 65.55441 421607136 4.00E-46 

968 BobWhite_c16847_99 65.70693 427407918 4.00E-46 

72453 Tdurum_contig55486_176 66.40704 430577514 4.00E-46 

26717 Excalibur_c45968_83 67.13714 460113378 4.00E-46 

64191 RFL_Contig304_729 67.13714 461645490 1.00E-33 

236 BobWhite_c11540_60 67.19715 465177699 6.00E-39 

74433 tplb0031e09_1230 67.45468 465622636 6.00E-45 

74434 tplb0031e09_1763 67.45468 465623894 8.00E-29 

76215 wsnp_Ex_c10717_17456391 67.45468 468118938 4.00E-98 

11913 BS00095061_51 67.45468 468118939 4.00E-46 

31431 Excalibur_rep_c94717_2115 67.45468 468727131 4.00E-46 

30256 Excalibur_rep_c107277_109 67.45468 468727464 4.00E-46 

31434 Excalibur_rep_c94717_959 67.45468 468728286 4.00E-46 

62316 RAC875_rep_c115365_100 67.45468 468729178 4.00E-46 

77452 wsnp_Ex_c2580_4800027 67.45468 470066584 1.00E-69 

70852 Tdurum_contig42100_381 67.45468 470077350 4.00E-46 

41868 Kukri_c18009_398 67.66972 475234856 4.00E-46 

76269 wsnp_Ex_c1116_2138756 67.66972 475234857 1.00E-105 

11270 BS00082644_51 67.66972 476385948 4.00E-46 

76960 wsnp_Ex_c18624_27492167 67.45468 479057001 2.00E-54 

35272 IAAV6934 67.45468 479228666 1.00E-100 

7782 BS00030534_51 67.45468 479737194 4.00E-46 

62162 RAC875_rep_c112642_422 67.45468 479737227 1.00E-43 

80213 wsnp_Ku_c19631_29148397 67.45468 482887306 1.00E-103 

80299 wsnp_Ku_c26257_36216869 67.45468 483146213 1.00E-105 

10666 BS00073407_51 67.78473 487793847 2.00E-41 



  

 110

Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

8629 BS00053566_51 67.66972 492010775 4.00E-46 

8630 BS00053568_51 67.66972 492011217 4.00E-46 

77752 wsnp_Ex_c3227_5948436 67.66972 493343811 4.00E-57 

35700 IACX11401 67.66972 493861281 1.00E-105 

63776 RFL_Contig1945_110 68.10228 493864297 4.00E-46 

22863 Excalibur_c16842_743 67.66972 494005069 4.00E-46 

28828 Excalibur_c77101_90 68.10228 494005846 4.00E-46 

77307 wsnp_Ex_c2330_4366134 68.86989 496421548 8.00E-74 

57657 RAC875_c40919_1075 68.86989 496421549 3.00E-44 

12267 BS00105995_51 69.09992 498277551 4.00E-46 

35991 IACX5407 68.86989 498792382 2.00E-57 

76394 wsnp_Ex_c123_244117 68.86989 498792443 1.00E-104 

8186 BS00039734_51 68.86989 499095754 4.00E-46 

80712 wsnp_Ku_c8722_14766699 68.86989 499095884 3.00E-58 

21579 Excalibur_c10219_352 68.86989 500893218 4.00E-46 

78385 wsnp_Ex_c5378_9505533 68.70986 501582669 1.00E-105 

78384 wsnp_Ex_c5378_9505087 68.86989 501583115 1.00E-105 

77221 wsnp_Ex_c22016_31191407 68.86989 502269585 1.00E-105 

1851 BobWhite_c24774_186 68.86989 502269586 4.00E-46 

10777 BS00074997_51 68.70986 504273506 4.00E-46 

8047 BS00036352_51 68.70986 506488138 4.00E-34 

8716 BS00057451_51 66.78209 507019361 4.00E-46 

75705 wsnp_BG263758B_Ta_2_1 68.70986 511406619 6.00E-58 

65080 RFL_Contig5682_86 69.61749 523285786 4.00E-46 

8616 BS00052423_51 69.61749 523285876 4.00E-46 

52028 Ra_c4096_921 69.52748 524749814 4.00E-46 

27586 Excalibur_c55621_291 69.52748 524750655 2.00E-39 

5282 BobWhite_rep_c61884_158 69.52748 527228249 2.00E-41 

6527 BS00012080_51 69.52748 527788376 4.00E-46 

32565 GENE-1624_193 69.52748 527789741 3.00E-39 

28145 Excalibur_c62737_51 69.52748 534297241 6.00E-39 

32657 GENE-1787_339 69.52748 534297405 2.00E-35 

37751 JD_c6678_319 69.52748 535609869 1.00E-43 

7785 BS00030581_51 69.52748 538792003 4.00E-46 

7784 BS00030580_51 69.52748 538792235 4.00E-46 

59720 RAC875_c62872_293 69.52748 538803062 4.00E-46 

28034 Excalibur_c61285_135 69.52748 538803392 6.00E-45 

11393 BS00084911_51 69.52748 539720046 4.00E-46 

23340 Excalibur_c19552_319 69.72001 540900124 6.00E-39 

67009 Tdurum_contig11307_628 69.59999 552628694 2.00E-41 

72928 Tdurum_contig63030_778 69.59999 553057949 4.00E-46 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

73182 Tdurum_contig70783_1548 69.59999 554313345 4.00E-46 

8522 BS00049008_51 69.72001 557743002 4.00E-46 

3723 BobWhite_c5095_634 69.72001 558877350 6.00E-36 

35908 IACX3190 69.72001 559029461 6.00E-55 

26579 Excalibur_c44713_137 69.72001 559064217 8.00E-23 

47760 Kukri_c783_1833 69.72001 559969109 1.00E-43 

8908 BS00062734_51 70.02505 560252994 1.00E-24 

48764 Kukri_rep_c102334_1871 71.34024 567478506 4.00E-46 

3229 BobWhite_c4233_180 71.34024 570413066 6.00E-42 

80726 wsnp_Ku_c93664_84327484 71.34024 571339948 3.00E-30 

8320 BS00042456_51 71.34024 572332650 4.00E-46 

9708 BS00066060_51 73.35303 573318031 1.00E-24 

12538 BS00110445_51 71.34024 575122225 4.00E-46 

27257 Excalibur_c5182_93 71.34024 575342950 4.00E-34 

35937 IACX3871 71.0752 576451719 2.00E-57 

11599 BS00089166_51 71.0652 576749712 4.00E-46 

28943 Excalibur_c80041_400 71.34024 576753519 3.00E-28 

38055 Ku_c101932_436 71.00019 577643179 4.00E-46 

40700 Kukri_c11910_445 70.08756 580455873 4.00E-46 

40352 Kukri_c10464_653 71.0752 580818000 4.00E-46 

1301 BobWhite_c19725_1329 70.08756 581453903 4.00E-46 

453 BobWhite_c13099_755 70.11757 582018863 6.00E-39 

25478 Excalibur_c34581_339 70.11757 582019259 2.00E-40 

29033 Excalibur_c82403_135 71.12271 588621281 4.00E-46 

27903 Excalibur_c5977_383 70.69765 589862522 4.00E-46 

27904 Excalibur_c5977_440 70.69765 589862579 2.00E-38 

7903 BS00032695_51 70.69765 589866278 4.00E-40 

7901 BS00032692_51 70.69765 589869211 4.00E-46 

28150 Excalibur_c62826_254 70.69765 593422816 3.00E-45 

3120 BobWhite_c40455_116 72.23787 594588908 4.00E-46 

80849 wsnp_Ku_rep_c72821_72480395 72.23787 595024099 1.00E-105 

78441 wsnp_Ex_c5547_9774195 71.34024 595024670 1.00E-105 

64673 RFL_Contig4421_1490 72.23787 596782508 4.00E-46 

64674 RFL_Contig4421_1724 72.23787 596782742 4.00E-46 

38943 Ku_c25346_508 71.65028 597080925 4.00E-46 

38942 Ku_c25346_503 71.65028 597080931 4.00E-46 

71969 Tdurum_contig49477_548 71.94533 597523159 4.00E-46 

71967 Tdurum_contig49477_187 71.94533 597523631 4.00E-46 

238 BobWhite_c11562_133 71.34024 597523758 4.00E-46 

31045 Excalibur_rep_c69241_274 72.4329 603587946 4.00E-46 

35408 IAAV792 73.133 610352333 1.00E-105 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

53138 RAC875_c106500_413 73.133 610749791 4.00E-46 

40726 Kukri_c12041_94 73.25302 615935934 4.00E-46 

11721 BS00091643_51 73.03799 618466236 5.00E-27 

49250 Kukri_rep_c107323_210 74.26316 620058346 3.00E-25 

75575 wsnp_BE517914B_Ta_2_5 74.26316 627097536 2.00E-38 

68457 Tdurum_contig15724_118 74.22565 631232266 4.00E-46 

74291 tplb0026h15_986 74.22565 637704623 4.00E-46 

71336 Tdurum_contig42711_1483 74.26316 640262248 4.00E-46 

73162 Tdurum_contig70056_255 74.26316 642828763 1.00E-43 

80632 wsnp_Ku_c6430_11257008 74.26316 643397496 3.00E-69 

78565 wsnp_Ex_c6129_10723211 74.26316 645076488 1.00E-56 

27565 Excalibur_c55414_254 74.26316 645077292 3.00E-30 

39502 Ku_c47648_1403 74.26316 645220934 3.00E-45 

11998 BS00097383_51 74.43319 648287365 4.00E-46 

58033 RAC875_c44290_511 74.70823 651510403 2.00E-39 

11501 BS00087427_51 76.91104 674746268 4.00E-46 

77099 wsnp_Ex_c20168_29214721 76.91104 675961954 8.00E-71 

77014 wsnp_Ex_c1934_3648048 76.91104 676286799 1.00E-75 

3100 BobWhite_c40087_93 75.1908 678073174 2.00E-42 

24338 Excalibur_c25567_225 77.24609 682301381 4.00E-46 

25163 Excalibur_c31960_1492 77.22859 682987099 1.00E-43 

81104 wsnp_Ra_c3289_6166914 77.22859 682988584 2.00E-56 

76178 wsnp_Ex_c10499_17161734 77.24609 684193957 6.00E-93 

58890 RAC875_c530_354 77.22859 684335469 4.00E-46 

59075 RAC875_c54868_77 76.91104 684339639 4.00E-46 

12466 BS00110072_51 77.22859 684350435 1.00E-43 

77213 wsnp_Ex_c21924_31095740 76.91104 686989104 1.00E-105 

55756 RAC875_c25203_969 76.91104 686993691 4.00E-46 

51803 Ra_c3129_2015 75.1908 687269990 4.00E-46 

7617 BS00026264_51 78.16122 690465578 4.00E-46 

38582 Ku_c172_840 78.16122 692198681 4.00E-46 

11298 BS00083391_51 80.12901 702605774 4.00E-46 

7127 BS00022512_51 80.12901 702605797 4.00E-46 

54326 RAC875_c16625_182 80.12901 704348033 2.00E-42 

75386 wsnp_BE424246B_Ta_2_2 80.12901 704518133 4.00E-57 

52107 Ra_c44591_213 80.12901 719624572 1.00E-43 

49175 Kukri_rep_c106420_312 80.99163 722331418 4.00E-46 

68915 Tdurum_contig21043_186 80.99163 723086777 4.00E-46 

33456 GENE-3543_165 80.99163 723397337 4.00E-46 

13058 CAP11_c797_273 80.99163 725280621 4.00E-46 

1640 BobWhite_c22794_470 80.99163 725839453 4.00E-46 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

77660 wsnp_Ex_c3040_5615597 80.99163 725839454 1.00E-105 

1639 BobWhite_c22794_111 80.99163 725839812 4.00E-46 

38430 Ku_c14074_2900 80.99163 730660089 5.00E-18 

76452 wsnp_Ex_c12781_20280445 80.99163 730662189 1.00E-104 

25978 Excalibur_c38785_222 80.99163 730665289 2.00E-41 

76343 wsnp_Ex_c11837_18996495 80.99163 733011780 3.00E-98 

36207 IACX7527 80.12901 735758644 1.00E-103 

56230 RAC875_c2879_2784 80.99163 735777871 4.00E-46 

77976 wsnp_Ex_c39124_46489956 80.99163 737741124 4.00E-97 

79678 wsnp_JD_c16245_15468917 80.7616 737741403 2.00E-86 

50871 Ra_c109604_751 80.75659 737741623 8.00E-23 

23301 Excalibur_c19367_76 80.99163 738210983 4.00E-46 

12008 BS00097541_51 80.99163 738213312 4.00E-46 

6203 BS00010316_51 80.99163 738214070 1.00E-43 

35905 IACX3169 81.20166 738352639 2.00E-57 

32512 GENE-1511_622 81.20166 739436283 4.00E-46 

59283 RAC875_c5739_1262 81.79675 739630605 4.00E-46 

13886 CAP7_c2116_545 81.79675 740422471 4.00E-40 

38503 Ku_c1575_485 81.79675 741192233 4.00E-46 

80965 wsnp_Ra_c18164_27178459 81.79675 741193855 1.00E-104 

27458 Excalibur_c54205_696 84.48963 743617148 4.00E-46 

27457 Excalibur_c54205_381 84.48963 743617699 3.00E-28 

27456 Excalibur_c54205_336 84.48963 743617995 1.00E-33 

76498 wsnp_Ex_c13154_20785032 82.1868 743623404 1.00E-103 

76497 wsnp_Ex_c13154_20784674 82.1868 743623761 1.00E-105 

78610 wsnp_Ex_c64005_62986957 82.1868 743632523 1.00E-104 

13267 CAP12_c1991_127 80.99163 747114954 4.00E-46 

75541 wsnp_BE497740B_Ta_2_1 82.1568 748524407 6.00E-58 

75542 wsnp_BE497740B_Ta_2_2 82.1568 748524495 1.00E-52 

70415 Tdurum_contig33192_76 82.1568 748528801 9.00E-32 

12079 BS00099633_51 82.1568 748848946 4.00E-46 

11034 BS00078844_51 85.02721 751673953 4.00E-46 

35001 IAAV5302 86.97499 752505891 1.00E-105 

51093 Ra_c14132_2575 86.97499 752505892 4.00E-46 

51903 Ra_c35_3184 88.31268 754784229 4.00E-46 

8244 BS00040742_51 88.31268 756408562 1.00E-43 

73140 Tdurum_contig69073_365 88.31268 756569334 4.00E-46 

13376 CAP12_c3551_85 88.07515 757225145 2.00E-41 

78844 wsnp_Ex_c8208_13870372 88.07515 757301451 1.00E-105 

24050 Excalibur_c2381_214 89.1278 757302739 3.00E-45 

8775 BS00059416_51 88.07515 760432653 4.00E-46 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

7061 BS00022403_51 90.87305 760873210 4.00E-46 

47344 Kukri_c66862_96 90.62551 761501128 4.00E-46 

12530 BS00110416_51 93.56844 764355065 9.00E-32 

70345 Tdurum_contig32277_121 93.90598 765989799 4.00E-46 

23681 Excalibur_c21708_555 97.61652 772153046 2.00E-38 

10322 BS00068473_51 105.3551 785126983 4.00E-46 

72700 Tdurum_contig59953_282 107.1529 788062748 4.00E-46 

64607 RFL_Contig4186_852 107.1529 788062749 4.00E-46 

20327 Ex_c26158_622 106.3353 788705049 1.00E-33 

12975 CAP11_c59_418 115.3591 795898611 4.00E-46 

75890 wsnp_CAP11_c59_99702 115.7991 795898803 1.00E-104 

75891 wsnp_CAP11_c59_99769 115.3591 795898871 1.00E-104 

42624 Kukri_c2227_583 115.6316 797470134 4.00E-46 

9228 BS00064227_51 115.3591 799289775 1.00E-43 

75968 wsnp_CAP12_c2297_1121142 119.3771 799913092 1.00E-100 

25460 Excalibur_c34433_220 123.4002 808042644 2.00E-39 

10560 BS00071598_51 125.3655 812997019 4.00E-46 

10559 BS00071597_51 125.3655 812997024 4.00E-46 

10751 BS00074629_51 125.3655 813002432 4.00E-46 

8118 BS00037871_51 125.3655 813013483 4.00E-46 

14514 CAP8_c1329_129 125.3655 813448216 2.00E-41 

33031 GENE-2712_367 125.3655 813458293 8.00E-33 

74074 Tdurum_contig99764_139 125.3655 813645557 1.00E-43 

32925 GENE-2405_488 125.3655 813648022 4.00E-46 

73670 Tdurum_contig84676_145 123.6002 814989227 4.00E-46 

42697 Kukri_c22748_211 134.8344 816073106 4.00E-46 

42890 Kukri_c23955_144 134.8344 816073154 4.00E-46 

55459 RAC875_c23148_680 134.8344 816073931 4.00E-46 

10017 BS00067324_51 134.8344 816804473 1.00E-43 

20793 Ex_c47471_416 136.3596 818905413 4.00E-46 

54249 RAC875_c16251_618 136.3121 822437989 4.00E-46 

1595 BobWhite_c22447_112 136.3121 825208797 2.00E-41 

13855 CAP7_c1794_121 136.3596 826785749 4.00E-46 

77565 wsnp_Ex_c284_548711 134.8344 828934019 2.00E-90 

28159 Excalibur_c63009_102 136.3121 828934020 1.00E-43 

42423 Kukri_c21041_263 137.1997 829425746 1.00E-38 

53715 RAC875_c13406_65 137.1997 829426578 1.00E-43 

57141 RAC875_c35955_210 137.1997 829426579 2.00E-32 

8385 BS00044955_51 139.6176 830695941 4.00E-46 

8384 BS00044949_51 139.6176 830698249 4.00E-46 

48859 Kukri_rep_c103205_101 139.6176 830699246 4.00E-46 
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Index SNP Name Genetic position (cM)a Physical position (bp) E-value 

8383 BS00044944_51 139.6176 830699486 4.00E-46 

8382 BS00044942_51 139.6176 830699536 4.00E-46 

27534 Excalibur_c55096_613 139.6176 830839763 2.00E-41 

28241 Excalibur_c63859_401 139.6176 831764723 4.00E-46 

45539 Kukri_c45513_83 139.6176 833470282 1.00E-43 

9387 BS00064876_51 139.6176 833664271 4.00E-46 

33964 GENE-4458_691 139.6176 834438115 1.00E-41 

81501 wsnp_RFL_Contig3524_3689801 139.6176 834884886 4.00E-34 

11049 BS00079029_51 140.5077 840540799 4.00E-46 

10667 BS00073411_51 144.7433 844712069 4.00E-46 

8058 BS00036547_51 144.7433 844873878 4.00E-46 

28522 Excalibur_c6906_2385 144.7433 847805046 4.00E-46 

81341 wsnp_Ra_rep_c75740_73183118 144.7433 847816539 8.00E-71 

35514 IAAV8659 144.7433 847816540 8.00E-71 

10531 BS00071183_51 144.7433 850793240 4.00E-46 

20447 Ex_c303_3825 154.4772 851109994 4.00E-46 

51602 Ra_c2553_1880 154.4772 851126805 4.00E-46 

72656 Tdurum_contig59566_1534 143.2931 851577261 4.00E-46 

46567 Kukri_c55981_194 143.2931 851577680 4.00E-46 

79690 wsnp_JD_c18509_16968425 143.2931 851579501 1.00E-104 

72658 Tdurum_contig59566_4435 143.2931 851580138 4.00E-46 

66935 Tdurum_contig11114_335 144.3832 851720657 4.00E-46 

72194 Tdurum_contig51605_542 144.3832 851866866 4.00E-46 

     
aFrom Wang et al. (2014) 
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APPENDIX D. PHYSICAL POSITION OF THE RECOMBINATION BREAKPOINTS IN 

THE CRITICAL 3B-3E RECOMBINANTS USED FOR THE CONSTRUCTION OF THE 

COMPOSITE BIN MAP 

Recombinant 

ID 

Original 

recombinant 

code 

 Recombinant 

chromosome 

composition 

Physical positions of 

recombinant breakpoints (bp)a 

I-12 XWC14-186-13 3ES·3EL-3BL 803977868 
I-15 XWC14-723-9 3ES·3EL-3BL 786594866 
I-14 XWC14-186-4 3ES·3EL-3BL 778640015 
I-18 XWC14-723-21 3ES·3EL-3BL 691332130 
VI-1 XWC14-723-8 3ES·3BL 337444386 
II-2 XWC14-186-14 3ES-3BS·3BL 160041822 
II-4 XWC14-723-29 3ES-3BS·3BL 158553128 
II-8 XWC14-722-2 3ES-3BS·3BL 68948871 
II-7 XWC14-186-37 3ES-3BS·3BL 45101323 

II-10 XWC14-186-120 3ES-3BS·3BL 28122909 
IV-1 XWC14-722-79 3ES-3BS·3BL-3EL 23079974 788383899 
II-18 XWC14-722-3 3BS·3BL-3EL 3318264 740026538 
IV-2 MZ15-2-11 3BS-3ES-3BS·3BL 28122909 65310217 
IV-3 MZ16-3rd-1-5 3BS-3ES-3BS·3BL 73208098 149279844 
I-23 XWC14-722-21 3ES·3EL-3BL 3737057 537200936 

III-20 MZ16-3rd-3-28 3BS-3ES·3EL-3BL 73208098 540310085 
III-14 MZ16-3rd-3-39 3BS-3ES·3EL-3BL 73208098 663128336 
I-19 XWC14-722-65 3ES·3EL-3BL 4845484 663128336 

III-15 MZ16-3rd-4-12 3BS-3ES·3EL-3BL 73208098 745373739 
III-8 MZ15-11-35 3BS-3ES·3EL-3BL 73208098 760652932 

III-11 MZ15-11-21 3BS-3ES·3EL-3BL 73208098 778640015 
III-2 MZ15-2-7 3BS-3ES·3EL-3BL 28122909 803977868 
III-5 MZ15-4-3 3BS-3ES·3EL-3BL 68948871 803977868 
III-3 MZ15-11-13 3BS-3ES·3EL-3BL 73208098 792301830 

III-10 MZ15-11-36 3BS-3ES·3EL-3BL 73208098 786594866 
IV-4 MZ16-3rd-3-35 3BS·3BL-3EL-3BL 546764409 778640015 
IV-5 MZ16-3rd-3-17 3BS·3BL-3EL-3BL 623577941 778640015 
IV-7 MZ16-3rd-1-13 3BS·3BL-3EL-3BL 704433083 778640015 
IV-8 MZ15-4-2 3BS·3BL-3EL-3BL 745373739 803977868 
II-28 MZ15-2-2 3BS·3BL-3EL 827859884 
II-29 XWC14-186-115 3BS·3BL-3EL 823823393 
II-26 XWC14-186-59 3BS·3BL-3EL 803977868 
II-21 XWC14-722-57 3BS·3BL-3EL 762928097 
II-20 XWC14-186-143 3BS·3BL-3EL 745373739 
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Recombinant 

ID 

Original 

recombinant 

code 

 Recombinant 

chromosome 

composition 

Physical positions of 

recombinant breakpoints (bp)a 

II-19 MZ15-11-5 3BS·3BL-3EL 742405502 
II-14 XWC14-723-17 3BS·3BL-3EL 663128336 
II-13 MZ15-11-12 3BS·3BL-3EL 600555852 
VI-2 XWC14-186-34 3BS·3EL 337444386 
I-11 XWC14-722-70 3BS-3ES·3EL 167913455 
I-10 XWC14-186-134 3BS-3ES·3EL 86312843 
I-8 XWC14-186-35 3BS-3ES·3EL 73208098 
I-9 XWC14-722-36 3BS-3ES·3EL 68948871 
I-7 XWC14-722-35 3BS-3ES·3EL 37474616 
I-2 XWC14-186-2 3BS-3ES·3EL 28122909 

III-1 XWC14-186-133 3BS-3ES·3EL-3BL 23079974 
I-4 XWC14-186-1 3BS-3ES·3EL 19394071 

aThe physical position of a recombination breakpoint was estimated according to the physical 
location of the middle point between the SNPs immediately flanking the recombination 
breakpoint in the IWGSC RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/). 
Note: The recombinants highlighted in yellow showed discrepancy in their FGISH and SNP 
delineation rsults, which was discussed in the text of this paper. 
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APPENDIX E. PRIMER SEQUENCES AND PHYSICAL LOCATIONS OF THE 

CHROMOSOME-SPECIFIC STARP MARKERS 

Markers  Forward and reverse primersa 

SNP physical position (bp)b on wheat 

chromosomes 

3B 3A 3D 

Xwgc2200 

F1: 5' [Tail1]-GAGGACAATTTTGTGCCCTTC 3' 

3,490,856 1,484,258 1,284,228 F2: 5' [Tail2]-GAGGACAATTTTGTGCCTCTT 3' 

R: 5' GTAGAACCTTCCTTTGTTTTAGATGC 3' 

Xwgc2201 

F1: 5' [Tail2]-ACATATGTTACTTGTCTTTCCACA 3' 

66,645,755 45,851,272 33,191,888 F2: 5' [Tail1]-ACATATGTTACTTGTCTTTCACCG 3' 

R: 5' GCTACATCACAGAAAGAAGAAAGAC 3' 

Xwgc2202 

F1: 5' [Tail2]-TGCGATGCATGCTATAAT 3' 

83,591,270 58,260,819 46,341,034 F2: 5' [Tail1]-TGCGATGCATGCTACGAC 3' 

R: 5' GTAAGTTCTGCAATGGATCAAGCC 3' 

Xwgc2203 

F1: 5' [Tail1]-CAGAGTACCAGAACCTACG 3' 

132,321,773 88,926,026 75,209,804 F2: 5' [Tail2]-CAGAGTACCAGAACCCGCA 3' 

R: 5' CTCTTTCGTTTGATGAGAGAAACGG 3' 

Xwgc2204 

F1: 5' [Tail1]-TTGTACTCGGCTACCGCC 3' 

175,409,378 - - F2: 5' [Tail2]-TTGTACTCGGCTACTACT 3' 

R: 5' CTCTTCTGAACCCAAGGCTGG 3' 

Xwgc2205 

F1: 5' [Tail1]-GCACTCACAAACATTACG 3' 

248,518,905 198,380,623 161,156,616 F2: 5' [Tail2]-GCACTCACAAACATCGCA 3' 

R: 5' GCCCCATGATCAATGACAACC 3' 

Xwgc2206 

F1: 5' [Tail1]-CACTATTTGGACTCAGTTCC 3' 

264,857,141 225,629,349 175,311,145 F2: 5' [Tail2]-CACTATTTGGACTCAGCCCT 3' 

R: 5' CTTGTGGTTAATGCCATCCAATAAC 3' 

Xwgc2207 

F1: 5' [Tail2]-GCTGCGGAAAAAATACTCG 3' 

325,970,528 345,408,468 251,521,190 F2: 5' [Tail1]-GCTGCGGAAAAAATATCCC 3' 

R: 5' TGTAAACATTATTTTGCTGTTGAGCAA 3' 

Xwgc2208 

F1: 5' [Tail1]-GTTCCAGCGGCATTCGTC 3' 

361,280,132 - 239,062,521 F2: 5' [Tail2]-GTTCCAGCGGCATTTATT 3' 

R: 5' CTGCACCCCACCGTGTTC 3' 

Xwgc2209 

F1: 5' [Tail1]-CTGATGCACATGTATTCCC 3' 

392,994,065 391,171,375 290,574,818 F2: 5' [Tail2]-CTGATGCACATGTATCTCG 3' 

R: 5' CATGGGATGCTGATGTACCC 3' 
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Markers  Forward and reverse primersa 

SNP physical position (bp)b on wheat 

chromosomes 

3B 3A 3D 

Xwgc2210 

F1: 5' [Tail1]-ATATCATGACTCTGGGTGTACTG 3' 

407,893,843 411,821,827 302,073,102 F2: 5' [Tail2]-ATATCATGACTCTGGGTGTCTTA 3' 

R: 5' TTCCAAGACCAAGACCACGG 3' 

Xwgc2211 

F1: 5' [Tail1]-TCGGTGAATCAACAATACG 3' 

415,066,634 425,014,630 308,649,157 F2: 5' [Tail2]-TCGGTGAATCAACAACGCA 3' 

R: 5' GAGAGTCCATCGCAGGTGT 3' 

Xwgc2212 

F1: 5' [Tail1]-TGTTGGCTCCCTGGAAG 3' 

419,059,351 427,625,849 311,018,846 F2: 5' [Tail2]-TGTTGGCTCCCTGAGAA 3' 

R: 5' TCTTTCACGCTGGTAAGAAAATGA 3' 

Xwgc2213 

F1: 5' [Tail1]-GTTGACCTTGAGGTTTTTAATTTC 3' 

438,878,743 454,610,006 329,960,224 F2: 5' [Tail2]-GTTGACCTTGAGGTTTTTAACCTT 3' 

R: 5' TGGCGACTCCTCCAGCA 3' 

Xwgc2214 

F1: 5' [Tail2]-CCATCATATGGAGGAATAAAAAAT 3' 

464,504,726 482,293,437 353,770,380 F2: 5' [Tail1]-CCATCATATGGAGGAATAAACGAC 3' 

R: 5' CTCCACCTTCTGAATAAACACCTC 3' 

Xwgc2215 

F1: 5' [Tail2]-CCAGGAAAACCATCTGCAGA 3' 

482,869,018 492,472,561 362,195,290 F2: 5' [Tail1]-CCAGGAAAACCATCTGACGT 3' 

R: 5' TCTGCTTAATGTATGCCGCAA 3' 

Xwgc2216 

F1: 5' [Tail1]-GCAGGTACTTGTCATTTAGC 3' 

527,230,784 524,897,193 394,868,465 F2: 5' [Tail2]-GCAGGTACTTGTCATTCCGT 3' 

R: 5' GCTTCAGTTCCGCCCGAAC 3' 

Xwgc2217 

F1: 5' [Tail1]-AGAACTTCCTCATTCGTTATAC 3' 

599106833 587,247,454 446,173,688 F2: 5' [Tail2]-AGAACTTCCTCATTCGTTGCAT 3' 

R: 5' CCAAGGGCCTCAGCAAATTG 3' 

Xwgc2218 

F1: 5' [Tail1]-AAATCGTCTTAGTTCATTCAAAAAC 3' 

747,302,246 688,781,535 552,745,796 F2: 5' [Tail2]-AAATCGTCTTAGTTCATTCAAGCAG 3' 

R: 5' CGAGCATAACTGTGGTCCTGA 3' 

Xwgc2219 

F1: 5' [Tail2]-GAAAAACTGGCGCATGCAT 3' 

780,701,151 711,392,600 577,144,717 F2: 5' [Tail1]-GAAAAACTGGCGCATATAC 3' 

R: 5' TGTTAAGCTGTTCAAAGTTGTCAC 3' 

Xwgc2220 

F1: 5' [Tail2]-GTTGATGTTGTTGCTGGA 3' 

799,649,332 - 589,420,344 F2: 5' [Tail1]-GTTGATGTTGTTGCCAGG 3' 

R: 5' TCATACTGCTGACCAGGAGAAT 3' 
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Markers  Forward and reverse primersa 

SNP physical position (bp)b on wheat 

chromosomes 

3B 3A 3D 

Xwgc2221 

F1: 5' [Tail2]-CAAGGATGGACTTCATTTCT 3' 

834,700,453 739,183,826 610,690,595 F2: 5' [Tail1]-CAAGGATGGACTTCATCCCC 3' 

R: 5' GAACACCCTCGCTAGGACCA 3' 
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APPENDIX F. THE 7B-7E AND 7B-7S RECOMBINANTS/ABERRATIONS AND THEIR 

COMPOSITIONS AND PEDIGREE 
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Recombinant ID 
Original 

recombinant code 

Recombinant chromosomes 

and aberrations 
Pedigree 

I-1 XWC14-260-120 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-2 XWC14-757-21 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-3 XWC14-760-14 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-4 XWC14-257-94 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-5 XWC14-762-3 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-6 XWC14-759-26 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-7 XWC14-257-38 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
I-8 XWC14-257-50 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-1 XWC14-260-121 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-2 XWC14-760-7 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-3 XWC14-258-86 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-4 XWC14-255-11 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-5 XWC14-260-47 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-6 XWC14-260-26 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-7 XWC14-259-36 7ES·7EL-7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
II-8 XWC14-260-17 7BS-7ES·7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-1 XWC14-255-24 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-2 XWC14-255-25 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-3 XWC14-760-25 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-4 XWC14-258-72 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-5 XWC14-759-37 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-6 XWC14-258-33 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-7 XWC14-255-23 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
III-8 XWC14-759-52 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
IV-1 XWC14-255-3 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
IV-2 XWC14-762-36 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
IV-3 XWC14-255-34 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
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Recombinant ID 
Original 

recombinant code 

Recombinant chromosomes 

and aberrations 
Pedigree 

IV-4 XWC14-258-83 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
IV-5 XWC14-759-17 7BS·7BL-7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-1 XWC14-260-107 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-2 XWC14-260-30 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-3 XWC14-260-49 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-4 XWC14-760-5 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-5 XWC14-257-82 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-6 XWC14-258-29 7ES·7BL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VI-7 XWC14-260-62 7BS·7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 
VII-1 XWC14-258-76 7ES or 7EL CS DS 7E(7B)/2*CS ph1b mutant//CS DS 7E(7B) 

I-9 XWC14-704-4 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-10 XWC14-90-4 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-11 XWC14-705-21 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-12 XWC14-705-8 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-13 XWC14-707-8 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-14 XWC14-87-12 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-15 XWC14-87-1 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-16 XWC14-709-3 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-17 XWC14-705-1 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-18 XWC14-707-25 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-19 XWC14-705-18 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-20 XWC14-708-29 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-21 XWC14-703-22 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-22 XWC14-709-42 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
I-23 XWC14-93-11 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-9 XWC14-709-1 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-10 XWC14-709-32 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-11 XWC14-706-19 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
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Recombinant chromosomes 
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II-12 XWC14-709-46 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-13 XWC14-709-50 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-14 XWC14-704-22 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-15 XWC14-708-9 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-16 XWC14-708-8 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-17 XWC14-704-43 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-18 XWC14-708-19 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-19 XWC14-709-4 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-20 XWC14-707-11 7SS·7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-21 XWC14-91-13 7BS-7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-22 XWC14-87-14 7BS-7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
II-23 XWC14-94-13 7BS-7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-9 XWC14-708-34 7SS-7BS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-10 XWC14-708-3 7SS-7BS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-11 XWC14-91-7 7SS-7BS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-12 XWC14-89-1 7SS-7BS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-13 XWC14-707-21 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-14 XWC14-705-10 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-15 XWC14-704-54 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-16 XWC14-95-15 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-17 XWC14-706-40 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-18 XWC14-703-12 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-19 XWC14-91-3 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-20 XWC14-708-15 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-21 XWC14-709-21 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-22 XWC14-709-18 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
III-23 XWC14-95-2 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
IV-9 XWC14-89-13 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
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Recombinant chromosomes 
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IV-10 XWC16-93-12 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-11 XWC14-87-4 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-12 XWC14-707-1 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-13 XWC14-709-36 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-14 XWC14-709-49 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-15 XWC14-95-19 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-16 XWC14-707-3 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-17 XWC14-708-1 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-18 XWC14-704-31 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-19 XWC14-704-21 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

IV-20 XWC14-704-24 7BS·7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

V-9 XWC14-95-8 7SS·7SL-7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

V-10 XWC14-705-30 7SS·7SL-7BL-7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

V-11 XWC14-709-44 7BS-7SS·7SL-7BL-7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

V-12 XWC14-95-10 7BS·7BL-7SL-7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VI-9 XWC14-707-7 7SS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VI-10 XWC14-707-16 7SS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VI-11 XWC14-705-2 7SS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VI-12 XWC14-705-4 7SS·7BL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VII-9 XWC14-90-19 7SS or 7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VII-10 XWC16-96-6 7SS or 7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VII-11 XWC16-96-8 7SS or 7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VII-12 XWC16-96-10 7SS or 7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VII-13 XWC14-89-2 7SS or 7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VIII-9 XWC14-703-11 7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VIII-10 XWC14-703-17 7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 

VIII-11 XWC14-703-14 7SS·7SL CS DS 7S(7B)/2*CS ph1b mutant//CS DS 7S(7B) 
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APPENDIX G. POLYMORPHIC SNPS ASSIGNED TO THE CHROMOSOME 7B 

Wheat 

90K SNP 

Index 

SNP designation 
Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

46416 Kukri_c542_1538 0 427328 2.00E-29 

39295 Ku_c3662_836 3.267154 1053113 4.00E-46 

52844 Ra_c9687_1038 3.267154 1085911 4.00E-46 

44681 Kukri_c3734_892 3.267154 1265892 4.00E-46 

27367 Excalibur_c53111_215 3.267154 1267671 4.00E-46 

22624 Excalibur_c15405_808 3.267154 1267828 4.00E-46 

36522 Jagger_c3075_99 7.312053 3667928 4.00E-46 

53101 RAC875_c10555_178 8.783209 3870999 4.00E-46 

6919 BS00022127_51 8.783209 3871311 4.00E-46 

66787 Tdurum_contig10861_942 10.06071 4175506 4.00E-46 

74022 Tdurum_contig98005_272 10.06071 5241413 4.00E-46 

76332 wsnp_Ex_c11658_18773086 13.7058 6249500 3.00E-53 

73685 Tdurum_contig85266_280 21.86432 6492905 4.00E-46 

25433 Excalibur_c3423_1170 24.05075 6711293 4.00E-46 

70085 Tdurum_contig30677_55 27.26793 6732753 9.00E-44 

70086 Tdurum_contig30677_66 27.26793 6732765 9.00E-44 

3164 BobWhite_c41356_62 36.073 10546597 4.00E-46 

24875 Excalibur_c29698_76 42.44489 16806255 9.00E-44 

26212 Excalibur_c41298_459 49.38212 30795162 4.00E-46 

13841 CAP7_c1655_441 51.9996 36639266 9.00E-44 

40127 Ku_c8929_274 53.04284 40098746 8.00E-32 

6883 BS00022056_51 53.04284 40370588 4.00E-46 

78206 wsnp_Ex_c46274_51831129 56.04762 44502349 2.00E-73 

33940 GENE-4376_439 55.64469 44503017 4.00E-46 

7854 BS00031746_51 56.04762 46348374 4.00E-46 

8652 BS00054881_51 56.04762 47083691 9.00E-44 

9255 BS00064344_51 55.64469 47338105 4.00E-46 

78200 wsnp_Ex_c46061_51675763 53.75499 48799953 1.00E-49 

50233 Kukri_rep_c72909_657 53.75499 48802090 4.00E-46 

72576 Tdurum_contig57370_82 53.75499 49334846 4.00E-46 

71732 Tdurum_contig46877_84 56.87846 49447270 9.00E-44 

8019 BS00035630_51 53.75499 49448072 4.00E-46 

36633 Jagger_c5321_98 58.17158 50190568 6.00E-46 

39492 Ku_c46689_1653 58.17158 50910703 4.00E-46 

78654 wsnp_Ex_c6590_11419735 58.17158 53491529 1.00E-105 

73519 Tdurum_contig81683_217 58.17158 53491530 4.00E-46 

66897 Tdurum_contig11028_398 58.17158 54972415 4.00E-46 

64830 RFL_Contig492_751 58.17158 56034847 4.00E-46 

77898 wsnp_Ex_c36325_44308589 58.59637 56050524 9.00E-89 

71980 Tdurum_contig49572_643 58.59637 56051210 4.00E-46 
49859 Kukri_rep_c69164_94 58.59637 56052208 4.00E-46 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

70551 Tdurum_contig35652_348 58.59637 56614981 4.00E-46 

3402 BobWhite_c4481_96 58.17158 60627784 4.00E-46 

77847 wsnp_Ex_c3501_6408181 58.17158 60627785 1.00E-105 

80638 wsnp_Ku_c665_1371448 58.17158 61105169 1.00E-104 

39783 Ku_c665_985 58.17158 61105278 4.00E-46 

6712 BS00021683_51 58.17158 61592166 4.00E-46 

75691 wsnp_BF485380B_Ta_2_1 58.17158 62016353 5.00E-58 

36476 Jagger_c2161_211 57.44069 62018229 9.00E-44 

23883 Excalibur_c22903_710 58.4402 62018489 4.00E-46 

34207 GENE-4862_901 58.4402 62058336 3.00E-35 

34204 GENE-4862_1014 58.4402 62058425 6.00E-43 

34186 GENE-4826_641 57.05338 64491390 4.00E-46 

35528 IAAV872 57.05338 65595930 1.00E-105 

10705 BS00074083_51 58.17158 65625467 4.00E-46 

6364 BS00011186_51 58.17158 66517494 2.00E-38 

78625 wsnp_Ex_c64709_63402325 58.63073 67683122 1.00E-100 

76919 wsnp_Ex_c17882_26646153 60.01443 71507654 6.00E-62 

75526 wsnp_be496863B_Ta_2_2 60.01443 71509569 5.00E-58 

68850 Tdurum_contig20094_458 61.13888 74920119 4.00E-46 

70399 Tdurum_contig32954_195 61.13888 75761835 4.00E-46 

11385 BS00084788_51 61.25757 84112561 4.00E-46 

7150 BS00022550_51 61.25757 84112587 4.00E-46 

33883 GENE-4273_67 56.87846 84374944 4.00E-46 

13708 CAP7_c10566_170 62.51009 86607633 4.00E-46 

11047 BS00079017_51 62.51009 86878737 4.00E-46 

11048 BS00079019_51 62.51009 86878839 4.00E-46 

7285 BS00022841_51 62.51009 86881047 4.00E-46 

35361 IAAV7544 62.51009 86910083 9.00E-67 

34706 IAAV3391 62.51009 86910556 9.00E-70 

7118 BS00022498_51 62.51009 87822859 4.00E-46 

57670 RAC875_c4108_2179 62.51009 90689480 9.00E-44 

58046 RAC875_c4454_1270 63.63454 91201001 2.00E-44 

14578 CAP8_c195_441 63.08793 97242884 3.00E-31 

75622 wsnp_BF200891B_Ta_2_1 63.08793 99925284 5.00E-58 

32502 GENE-1477_748 65.4399 107067715 4.00E-46 

79142 wsnp_Ex_rep_c107796_91279476 71.66187 108318363 1.00E-105 

30294 Excalibur_rep_c107796_229 71.66187 108318548 5.00E-39 

59024 RAC875_c54366_845 64.44351 108593888 1.00E-45 

43688 Kukri_c29304_447 64.44351 108593946 4.00E-46 

47911 Kukri_c82121_100 64.44351 110683612 5.00E-39 

12657 CAP11_c106_97 64.44351 111814111 4.00E-46 

20628 Ex_c39052_1533 64.44351 111954251 4.00E-46 

46912 Kukri_c61145_539 67.47328 118710442 8.00E-35 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

72335 Tdurum_contig53986_316 67.47328 121527364 4.00E-46 

63589 RFL_Contig124_558 67.47328 123912495 3.00E-34 

46521 Kukri_c5556_1830 71.66187 129382253 4.00E-46 

21814 Excalibur_c11146_1322 67.47328 129383752 4.00E-46 

62362 RAC875_rep_c116436_106 67.47328 129384910 1.00E-36 

79186 wsnp_Ex_rep_c66351_64532511 66.61745 132364202 1.00E-105 

79535 wsnp_Ex_rep_c69954_68913307 67.47328 132593722 1.00E-104 

69576 Tdurum_contig28644_281 68.32912 139236558 4.00E-46 

23720 Excalibur_c21931_664 71.66187 140702772 9.00E-44 

54853 RAC875_c19552_137 67.47328 140703787 4.00E-46 

35596 IAAV9153 68.32912 140716110 1.00E-105 

50943 Ra_c11468_305 68.32912 146308889 4.00E-46 

31169 Excalibur_rep_c71057_1199 68.32912 146312281 1.00E-36 

34748 IAAV3646 67.81374 147703417 1.00E-105 

62994 RAC875_rep_c73990_174 68.32912 147703418 4.00E-46 

73957 Tdurum_contig9619_68 69.92521 149840012 9.00E-44 

69305 Tdurum_contig27385_131 69.92521 151229585 4.00E-46 

66769 Tdurum_contig10833_308 69.92521 155028856 8.00E-38 

27341 Excalibur_c52820_61 71.32765 157521135 2.00E-35 

41453 Kukri_c15760_310 71.32765 158669698 4.00E-46 

41452 Kukri_c15760_212 71.32765 158669797 4.00E-24 

69619 Tdurum_contig28763_206 71.66187 160012540 3.00E-37 

12878 CAP11_c436_168 71.32765 160012574 4.00E-46 

75939 wsnp_CAP11_rep_c6622_3044459 71.32765 160012722 1.00E-105 

4698 BobWhite_rep_c48793_750 71.32765 160012723 4.00E-46 

12923 CAP11_c5041_78 71.66187 160012806 4.00E-46 

38901 Ku_c24482_1132 71.32765 160179996 4.00E-46 

77536 wsnp_Ex_c27373_36578273 68.83512 164005297 5.00E-50 

49816 Kukri_rep_c68742_543 68.83512 164005298 1.00E-24 

8672 BS00055761_51 70.14385 165637076 4.00E-46 

8226 BS00040415_51 71.32765 165986807 1.00E-33 

78526 wsnp_Ex_c5925_10397213 69.92521 168816491 1.00E-104 

46683 Kukri_c57677_355 68.83512 169386771 4.00E-46 

78799 wsnp_Ex_c7783_13259751 69.08812 169561137 1.00E-105 

11564 BS00088495_51 69.92521 170868936 4.00E-46 

46585 Kukri_c56220_237 71.32765 172580742 4.00E-46 

40173 Ku_c9598_2119 71.32765 172782463 4.00E-46 

81528 wsnp_RFL_Contig3854_4205716 69.92521 173153587 2.00E-20 

52696 Ra_c7974_559 71.32765 173153748 9.00E-44 

34962 IAAV503 69.92521 174118729 1.00E-105 

76923 wsnp_Ex_c1790_3378771 69.3911 180376991 6.00E-85 

54770 RAC875_c19065_474 69.92521 183060645 4.00E-46 

35064 IAAV5646 69.3911 185574757 1.00E-103 
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2029 BobWhite_c26689_85 69.92521 187437241 4.00E-46 

77423 wsnp_Ex_c2539_4733110 69.92521 187437242 4.00E-63 

57902 RAC875_c43108_1021 69.92521 188140131 4.00E-46 

10459 BS00070399_51 71.66187 189569726 4.00E-46 

57783 RAC875_c4186_1198 69.92521 190259996 4.00E-46 

58816 RAC875_c52266_76 69.3911 191963242 4.00E-46 

39639 Ku_c5666_203 69.92521 194608634 5.00E-36 

10628 BS00072941_51 71.32765 195710359 4.00E-46 

4684 BobWhite_c9958_624 69.92521 196504296 4.00E-46 

60430 RAC875_c7671_148 71.32765 199169350 4.00E-46 

47762 Kukri_c78330_327 71.32765 199169924 4.00E-46 

11945 BS00095819_51 71.66187 204371573 4.00E-46 

71523 Tdurum_contig44382_932 71.66187 204781376 4.00E-46 

24548 Excalibur_c27158_671 71.66187 208674949 4.00E-46 

74635 tplb0037k05_1475 71.66187 212281813 5.00E-33 

957 BobWhite_c16787_205 71.66187 212343530 5.00E-39 

62732 RAC875_rep_c70874_1920 71.66187 212667775 4.00E-46 

62731 RAC875_rep_c70874_1309 71.66187 212668387 4.00E-46 

36189 IACX727 71.66187 213499362 4.00E-57 

5343 BobWhite_rep_c63166_725 71.66187 226959962 3.00E-40 

75908 wsnp_CAP11_c847_522893 71.66187 231479942 5.00E-85 

56099 RAC875_c27722_73 71.66187 231479943 4.00E-46 

30711 Excalibur_rep_c116278_53 71.66187 234927187 4.00E-46 

54688 RAC875_c18513_376 71.66187 236409032 4.00E-46 

3379 BobWhite_c44558_325 71.66187 236887748 4.00E-46 

80200 wsnp_Ku_c18780_28136150 71.66187 237311846 1.00E-105 

26016 Excalibur_c39238_158 71.66187 239090309 4.00E-46 

62820 RAC875_rep_c71932_86 71.66187 244367319 2.00E-23 

75782 wsnp_BQ169669B_Ta_2_2 71.66187 250770297 5.00E-58 

58073 RAC875_c4471_2378 71.66187 250771974 4.00E-46 

48336 Kukri_c9353_642 71.78368 258756388 4.00E-46 

21851 Excalibur_c11337_1183 71.66187 259221504 3.00E-31 

30097 Excalibur_rep_c105109_1223 71.66187 284589075 4.00E-46 

59164 RAC875_c56066_200 71.66187 284592443 4.00E-46 

22463 Excalibur_c14572_2086 71.66187 286794526 4.00E-46 

2352 BobWhite_c30285_272 71.66187 290180882 4.00E-46 

359 BobWhite_c1240_1470 71.66187 299139275 6.00E-43 

62205 RAC875_rep_c113331_55 71.66187 299514113 4.00E-46 

65538 TA002339-0978 71.66187 313338527 6.00E-99 

81504 wsnp_RFL_Contig3544_3722687 71.66187 321403586 5.00E-39 

50445 Kukri_rep_c86135_111 71.66187 327141489 4.00E-46 

64447 RFL_Contig3671_404 71.66187 329017483 4.00E-46 

35692 IACX1134 71.66187 337099041 2.00E-56 



 

 130

Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

43434 Kukri_c27438_164 71.66187 339866095 5.00E-33 

39613 Ku_c5529_824 72.26781 342093869 3.00E-45 

62174 RAC875_rep_c112798_813 71.66187 375915844 9.00E-44 

25426 Excalibur_c34151_535 72.74258 386081132 4.00E-46 

56254 RAC875_c28962_1393 73.38602 395872900 9.00E-44 

23740 Excalibur_c22044_119 73.38602 405831971 6.00E-45 

40563 Kukri_c11274_862 72.74258 407835778 4.00E-46 

40564 Kukri_c11274_886 72.74258 407835803 4.00E-46 

40565 Kukri_c11274_973 72.74258 407835890 4.00E-46 

46738 Kukri_c58460_303 62.51009 407999993 4.00E-46 

45752 Kukri_c47328_133 72.74258 410227948 4.00E-46 

34033 GENE-4597_197 73.38602 412184355 6.00E-43 

42040 Kukri_c18871_1338 73.38602 414063957 4.00E-46 

61189 RAC875_c9715_679 72.74258 415441769 4.00E-46 

69425 Tdurum_contig28085_87 74.02321 426054176 4.00E-46 

72141 Tdurum_contig50984_599 72.74258 431196989 9.00E-44 

61735 RAC875_rep_c107823_121 73.38602 437684561 4.00E-46 

34098 GENE-4676_1364 73.38602 440112762 4.00E-46 

61666 RAC875_rep_c107141_117 73.38602 440137251 9.00E-44 

75486 wsnp_be490149B_Ta_1_1 72.74258 440535600 5.00E-58 

72360 Tdurum_contig54532_206 72.74258 442325445 4.00E-46 

1060 BobWhite_c17544_776 72.74258 443101626 7.00E-26 

74449 tplb0031m07_1342 72.74258 444471179 4.00E-46 

3457 BobWhite_c45353_232 72.74258 445973293 4.00E-46 

71499 Tdurum_contig44171_1744 72.74258 445974417 4.00E-46 

49544 Kukri_rep_c112161_392 72.74258 445974419 2.00E-41 

34492 IAAV2037 72.74258 455024434 1.00E-105 

37585 JD_c5200_835 72.74258 456375279 2.00E-41 

78642 wsnp_Ex_c65605_63952614 72.74258 456375280 1.00E-105 

36277 IACX82 73.38602 461796940 5.00E-58 

60403 RAC875_c7610_81 73.38602 462199078 4.00E-46 

22908 Excalibur_c17078_400 73.38602 472357723 1.00E-24 

71838 Tdurum_contig47735_380 73.38602 474897570 4.00E-46 

24436 Excalibur_c26387_87 73.38602 474897571 4.00E-46 

40982 Kukri_c13142_974 73.38602 474897782 4.00E-46 

26171 Excalibur_c40829_188 73.38602 478753272 5.00E-39 

61728 RAC875_rep_c107704_155 73.38602 484679899 3.00E-22 

22838 Excalibur_c16687_476 73.79208 492774186 4.00E-46 

34102 GENE-4678_150 76.30959 492780427 1.00E-39 

3274 BobWhite_c42974_184 73.79208 493066606 8.00E-32 

451 BobWhite_c13098_526 73.79208 494179910 4.00E-46 

47779 Kukri_c78788_84 73.79208 495761072 4.00E-46 

56488 RAC875_c30547_72 76.30647 516168614 4.00E-46 
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15008 CAP8_rep_c3680_203 76.30647 516591128 4.00E-46 

57075 RAC875_c35489_303 76.30647 516987620 4.00E-46 

26679 Excalibur_c4556_776 76.30647 517875277 4.00E-46 

26677 Excalibur_c4556_113 76.30647 517876479 1.00E-33 

71496 Tdurum_contig44138_1546 76.30647 517876480 1.00E-33 

73339 Tdurum_contig76013_352 76.30959 518732001 4.00E-46 

2834 BobWhite_c36268_275 73.79208 518732002 4.00E-46 

73340 Tdurum_contig76013_605 76.30647 518732975 4.00E-46 

73341 Tdurum_contig76013_766 76.30647 518734540 4.00E-46 

34097 GENE-4676_1080 73.79208 520696441 6.00E-43 

59470 RAC875_c59860_167 73.79208 520703989 9.00E-44 

31012 Excalibur_rep_c68963_163 73.79208 520710344 4.00E-46 

2384 BobWhite_c30662_274 76.30647 521526978 4.00E-46 

48409 Kukri_c95270_1069 76.30959 521532645 4.00E-46 

49909 Kukri_rep_c69562_747 76.30959 521544191 1.00E-30 

75409 wsnp_BE443010B_Ta_2_2 76.30647 523129609 5.00E-58 

73892 Tdurum_contig93706_517 75.36943 532908276 9.00E-44 

59338 RAC875_c58060_75 75.36943 532908277 4.00E-46 

73891 Tdurum_contig93706_390 75.36943 532908403 4.00E-46 

73890 Tdurum_contig93706_108 75.36943 532908685 4.00E-46 

61623 RAC875_rep_c106651_490 75.36943 532922753 4.00E-46 

30564 Excalibur_rep_c111831_114 75.36943 532922809 4.00E-46 

40796 Kukri_c12317_1332 75.36943 534519530 4.00E-46 

40800 Kukri_c12317_367 75.36943 534521656 4.00E-46 

40799 Kukri_c12317_336 75.36943 534521687 4.00E-46 

68768 Tdurum_contig19022_1555 75.36943 534521688 4.00E-46 

26274 Excalibur_c41771_990 75.36943 535774000 4.00E-46 

69212 Tdurum_contig25895_484 75.36943 535784105 4.00E-46 

60181 RAC875_c68398_75 75.36943 535784106 6.00E-45 

64761 RFL_Contig467_431 76.30959 535792775 9.00E-44 

46001 Kukri_c49530_762 74.05444 539528597 2.00E-41 

75647 wsnp_BF293181B_Ta_2_1 75.36943 539772634 3.00E-56 

76200 wsnp_Ex_c106_217340 76.01286 543118992 1.00E-105 

72254 Tdurum_contig52239_120 76.01286 543118993 4.00E-46 

78221 wsnp_Ex_c47153_52447514 76.30959 543126769 2.00E-79 

80349 wsnp_Ku_c29256_39161320 76.30959 543480500 9.00E-95 

40901 Kukri_c12822_132 76.30959 543480790 4.00E-46 

72504 Tdurum_contig56342_134 76.16904 551660999 4.00E-46 

72505 Tdurum_contig56342_259 76.16904 551661123 4.00E-46 

29286 Excalibur_c8994_1297 76.30647 555357501 2.00E-41 

56477 RAC875_c30453_292 76.30959 556420247 4.00E-46 

30544 Excalibur_rep_c111629_239 76.98426 557727250 4.00E-46 

11601 BS00089181_51 77.12794 557905497 4.00E-46 
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41673 Kukri_c16907_390 77.12794 558448148 5.00E-39 

26634 Excalibur_c451_1290 77.12794 558463371 4.00E-46 

6831 BS00021972_51 77.12794 560700607 4.00E-46 

10769 BS00074919_51 77.12794 563367595 4.00E-46 

26230 Excalibur_c41452_997 77.12794 563384506 9.00E-44 

79153 wsnp_Ex_rep_c109138_92064554 77.12794 564748828 3.00E-85 

20908 Ex_c54863_29 77.12794 565961512 1.00E-26 

19721 Ex_c12057_797 77.12794 569231023 9.00E-44 

76246 wsnp_Ex_c11003_17857272 77.12794 569916216 1.00E-105 

66386 Tdurum_contig102328_129 77.12794 569916475 4.00E-46 

76247 wsnp_Ex_c11003_17857759 77.12794 569916816 1.00E-105 

46152 Kukri_c51296_438 77.12794 570077904 2.00E-44 

48538 Kukri_c99107_143 77.59334 570637274 4.00E-46 

2567 BobWhite_c3269_141 77.12794 570640388 1.00E-45 

37345 JD_c3269_342 77.12794 570640590 4.00E-46 

12371 BS00108573_51 77.12794 572706678 4.00E-46 

73840 Tdurum_contig93081_162 76.30959 573624498 4.00E-46 

8805 BS00060341_51 76.30959 573624499 4.00E-46 

77993 wsnp_Ex_c3974_7194320 77.13107 579744472 3.00E-76 

59499 RAC875_c60161_448 76.98426 587720050 4.00E-46 

81212 wsnp_Ra_c60161_61164325 77.13107 587720266 1.00E-104 

49430 Kukri_rep_c110003_99 77.13107 587720460 4.00E-46 

59495 RAC875_c60161_1223 77.16543 587720825 1.00E-39 

59552 RAC875_c60770_82 77.13107 588273560 3.00E-34 

36465 Jagger_c1882_85 77.13107 588545895 4.00E-46 

68451 Tdurum_contig15690_195 78.33048 588553950 2.00E-26 

41271 Kukri_c14804_352 78.43668 589043266 4.00E-46 

41272 Kukri_c14804_757 78.43668 589049505 4.00E-46 

41273 Kukri_c14804_876 78.43668 589049624 4.00E-46 

57668 RAC875_c41055_395 78.43668 590876647 9.00E-44 

47700 Kukri_c76860_181 78.43668 590903333 1.00E-36 

40249 Kukri_c10108_115 78.43668 592263104 4.00E-46 

70499 Tdurum_contig34357_160 81.08539 596033819 4.00E-46 

68522 Tdurum_contig16275_277 80.78553 596837477 4.00E-46 

30972 Excalibur_rep_c68565_1411 82.1255 597956913 9.00E-44 

63629 RFL_Contig1404_351 81.5664 602470152 4.00E-46 

34202 GENE-4861_106 82.88763 602764782 1.00E-39 

35732 IACX1302 83.06879 607319819 4.00E-57 

24749 Excalibur_c28715_447 83.06879 607653593 2.00E-35 

56260 RAC875_c29004_652 82.77518 608196146 4.00E-46 

60324 RAC875_c7251_656 83.98084 608406525 4.00E-46 

60292 RAC875_c7123_1703 82.77518 610806257 4.00E-46 

42528 Kukri_c21628_1215 85.28333 613149662 5.00E-39 
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27692 Excalibur_c5700_244 86.68265 613336626 4.00E-46 

27833 Excalibur_c58742_144 86.38592 613343349 2.00E-44 

10797 BS00075332_51 87.42916 616330697 4.00E-46 

73755 Tdurum_contig90495_232 87.42916 616430910 3.00E-25 

58429 RAC875_c4834_694 89.12833 617894859 4.00E-46 

24847 Excalibur_c29455_476 88.4724 618320482 4.00E-46 

75636 wsnp_BF291608B_Ta_2_1 89.12833 619304202 4.00E-57 

14408 CAP7_rep_c5216_143 89.82487 627967058 4.00E-46 

330 BobWhite_c12256_96 89.12833 630993883 4.00E-46 

11629 BS00089938_51 90.4152 631346293 2.00E-29 

11631 BS00089942_51 90.4152 631346309 4.00E-46 

56080 RAC875_c27548_234 92.52042 631346377 4.00E-46 

34065 GENE-4624_79 91.2398 632401381 4.00E-46 

69178 Tdurum_contig25773_174 91.40222 634509053 4.00E-46 

69177 Tdurum_contig25773_144 91.40222 634509083 4.00E-46 

75195 tplb0059a12_588 91.03053 635173302 4.00E-46 

57705 RAC875_c4128_926 92.52042 638072459 4.00E-46 

81554 wsnp_RFL_Contig4236_4881643 90.36211 638072756 4.00E-46 

78779 wsnp_Ex_c758_1488368 91.02116 638072757 1.00E-105 

42955 Kukri_c24366_104 92.35175 638758394 4.00E-46 

21986 Excalibur_c11857_1196 92.35175 639359644 4.00E-46 

7572 BS00025278_51 92.00817 641941282 4.00E-46 

7573 BS00025286_51 92.00817 641941516 4.00E-46 

9018 BS00063208_51 91.9582 643040348 4.00E-46 

40237 Kukri_c10078_1683 92.52042 643673466 1.00E-33 

9820 BS00066484_51 92.52042 644554070 4.00E-46 

55199 RAC875_c21537_368 93.16386 645009177 4.00E-46 

8017 BS00035559_51 93.16386 645418686 2.00E-44 

7710 BS00029286_51 94.83492 645471464 4.00E-46 

7711 BS00029287_51 94.83492 645471491 4.00E-46 

6881 BS00022053_51 95.70637 646530445 9.00E-44 

38938 Ku_c25310_669 98.29885 648122522 4.00E-46 

38939 Ku_c25310_780 98.29885 648122634 4.00E-46 

38940 Ku_c25310_843 98.29885 648122697 3.00E-45 

56856 RAC875_c3361_403 98.96727 648985790 4.00E-46 

80709 wsnp_Ku_c854_1768346 98.96727 650059750 1.00E-105 

77781 wsnp_Ex_c3309_6096114 98.62994 650059797 1.00E-104 

72124 Tdurum_contig5083_1164 98.62994 650059798 4.00E-46 

80708 wsnp_Ku_c854_1768062 98.96727 650060034 1.00E-105 

9120 BS00063744_51 98.29885 650149409 3.00E-34 

80167 wsnp_Ku_c16895_25861847 98.62994 650738709 1.00E-104 

38566 Ku_c16895_793 98.62994 650738740 4.00E-46 

38567 Ku_c16895_803 98.29885 650738749 4.00E-46 
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78178 wsnp_Ex_c45195_51056617 98.62994 650745308 6.00E-70 

76194 wsnp_Ex_c10571_17258682 97.16815 650861767 1.00E-105 

10070 BS00067530_51 101.1849 654626881 4.00E-46 

11138 BS00080621_51 105.3704 654629105 4.00E-46 

35241 IAAV6740 101.1849 654629214 1.00E-103 

6608 BS00014946_51 101.1849 654629215 4.00E-46 

76151 wsnp_Ex_c10193_16730126 101.1849 654629325 1.00E-100 

77284 wsnp_Ex_c22955_32173776 101.1849 655975979 1.00E-105 

58112 RAC875_c45062_305 101.1849 656368336 9.00E-44 

31227 Excalibur_rep_c74234_183 102.7935 660834447 6.00E-42 

9204 BS00064146_51 102.7935 661696662 4.00E-46 

34302 GENE-4996_592 102.7935 663739274 4.00E-46 

75604 wsnp_BE605194B_Ta_2_7 102.7935 663739445 5.00E-58 

75603 wsnp_BE605194B_Ta_2_1 102.7935 663740429 5.00E-58 

71473 Tdurum_contig43995_370 105.2923 664108812 4.00E-46 

75693 wsnp_BG262287B_Td_2_5 106.7666 665469497 4.00E-57 

33977 GENE-4478_394 106.7666 665472714 2.00E-35 

42503 Kukri_c21416_483 106.7666 665483631 5.00E-33 

71832 Tdurum_contig47633_304 106.7666 665876084 1.00E-30 

46102 Kukri_c50873_79 106.7666 665876872 2.00E-41 

41479 Kukri_c15912_1189 112.4419 680859093 4.00E-46 

71789 Tdurum_contig47317_100 113.1697 682085432 5.00E-39 

40527 Kukri_c11141_203 113.8662 682249069 4.00E-46 

6146 BS00009995_51 113.8662 682249283 5.00E-36 

43699 Kukri_c29396_58 113.8662 682254388 4.00E-46 

35490 IAAV8521 118.0861 686930160 5.00E-96 

72318 Tdurum_contig5360_329 113.7132 686930438 4.00E-43 

20616 Ex_c3837_2055 118.6733 686930515 6.00E-42 

35230 IAAV6659 118.0861 686930522 6.00E-65 

43667 Kukri_c292_2231 118.0861 686930523 4.00E-46 

25127 Excalibur_c31707_302 120.1101 687249569 4.00E-46 

8451 BS00047083_51 118.2422 687297797 4.00E-46 

67638 Tdurum_contig12525_769 119.679 688154454 4.00E-46 

12171 BS00101364_51 120.1101 691028158 4.00E-46 

78468 wsnp_Ex_c56425_58548596 120.4193 691096041 1.00E-105 

72939 Tdurum_contig63207_82 116.44 691100684 4.00E-46 

7845 BS00031588_51 120.8129 692136813 2.00E-35 

55731 RAC875_c25019_1132 121.6031 694951103 2.00E-41 

22199 Excalibur_c13033_261 121.6031 694971844 4.00E-46 

10280 BS00068305_51 121.6031 695305983 4.00E-46 

29313 Excalibur_c90713_226 129.7741 700876975 4.00E-46 

76991 wsnp_Ex_c19_38763 130.6768 701043572 1.00E-105 

41065 Kukri_c1362_137 133.591 708680902 4.00E-46 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

694 BobWhite_c14736_188 133.591 708681551 4.00E-46 

37730 JD_c6531_201 133.591 709139948 9.00E-44 

48454 Kukri_c9683_723 133.591 709139969 5.00E-39 

71571 Tdurum_contig44948_1132 133.591 709142657 4.00E-46 

71573 Tdurum_contig44948_1812 133.591 709143882 4.00E-46 

71575 Tdurum_contig44948_2237 133.591 709144307 4.00E-46 

43871 Kukri_c30593_75 133.591 709145682 4.00E-46 

76864 wsnp_Ex_c17176_25816766 134.3812 709693984 6.00E-99 

47991 Kukri_c8405_1394 134.3812 709694716 4.00E-46 

75632 wsnp_BF202806B_Ta_2_1 133.591 709694994 4.00E-57 

73409 Tdurum_contig77073_193 129.7741 709852194 2.00E-41 

27158 Excalibur_c50612_409 129.7741 709852195 2.00E-41 

35704 IACX11443 133.591 709871945 3.00E-42 

6544 BS00012264_51 133.591 709871966 1.00E-24 

21669 Excalibur_c1055_565 133.591 709872980 2.00E-29 

76866 wsnp_Ex_c1721_3261986 133.591 710468578 1.00E-105 

78819 wsnp_Ex_c7934_13467460 133.591 710482468 1.00E-64 

7134 BS00022522_51 133.591 710484424 4.00E-46 

7456 BS00023166_51 133.591 710508788 9.00E-44 

3718 BobWhite_c5046_372 136.2553 710515501 4.00E-46 

34912 IAAV4699 136.2553 710515502 3.00E-94 

57797 RAC875_c41938_471 133.591 710636106 4.00E-46 

78347 wsnp_Ex_c5268_9320618 133.591 711686697 1.00E-105 

7635 BS00026694_51 135.9742 712627084 4.00E-46 

69657 Tdurum_contig28884_460 140.144 713392150 4.00E-43 

34599 IAAV2686 139.9691 713392151 3.00E-42 

69655 Tdurum_contig28884_302 139.9691 713392531 5.00E-39 

73869 Tdurum_contig93425_441 139.9691 713598553 9.00E-44 

42933 Kukri_c24148_254 136.2553 713620629 4.00E-46 

46543 Kukri_c55780_296 142.2368 715811556 4.00E-46 

37197 JD_c22211_269 143.23 715811681 4.00E-46 

76050 wsnp_CAP7_c4513_2055201 142.6865 716132057 2.00E-77 

77852 wsnp_Ex_c351_689415 143.23 716132245 1.00E-105 

51787 Ra_c3092_741 142.6865 716132579 4.00E-46 

80658 wsnp_Ku_c707_1465395 142.6865 716133326 1.00E-104 

34837 IAAV4141 142.6865 716133979 1.00E-104 

79683 wsnp_JD_c17128_16056425 142.6865 716135662 1.00E-105 

73399 Tdurum_contig76864_755 143.23 716137872 4.00E-46 

20596 Ex_c3738_390 142.6865 716138144 4.00E-46 

39684 Ku_c5969_1667 142.6865 716138289 4.00E-46 

3163 BobWhite_c4134_984 143.23 716141866 5.00E-33 

52567 Ra_c72121_602 143.23 716184660 4.00E-41 

65152 RFL_Contig5898_1464 143.23 716188359 4.00E-46 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

65154 RFL_Contig5898_807 143.23 716189552 4.00E-46 

71559 Tdurum_contig44876_1362 143.23 717794499 4.00E-46 

10844 BS00075960_51 143.23 717797991 4.00E-46 

10476 BS00070583_51 143.23 717798489 4.00E-46 

8215 BS00040283_51 144.8043 718646114 4.00E-46 

8216 BS00040285_51 144.8043 718646457 9.00E-44 

71977 Tdurum_contig49543_568 144.8043 718767474 4.00E-46 

12068 BS00099421_51 144.8043 718927448 4.00E-46 

6574 BS00012542_51 144.8043 718939298 4.00E-46 

27056 Excalibur_c4948_90 144.8043 718939311 1.00E-33 

33998 GENE-4528_28 144.8043 719023554 1.00E-32 

48256 Kukri_c91360_220 144.9948 720941507 4.00E-46 

8577 BS00049961_51 144.9948 721317007 4.00E-46 

12557 BS00110528_51 144.9948 721475221 4.00E-46 

13219 CAP12_c1587_142 144.9948 721485285 4.00E-46 

34117 GENE-4710_573 144.8043 721485715 4.00E-46 

12377 BS00108630_51 145.2853 723520857 4.00E-46 

21268 Ex_c72265_351 147.1375 724108582 4.00E-46 

72833 Tdurum_contig61884_836 147.5717 725513597 4.00E-46 

5853 BS00003630_51 150.5983 726488079 7.00E-26 

36018 IACX5767 150.5983 726488080 5.00E-31 

71290 Tdurum_contig42586_290 150.5983 727294131 2.00E-26 

71291 Tdurum_contig42586_720 150.5983 727294832 4.00E-46 

71292 Tdurum_contig42586_990 150.5983 727295317 5.00E-27 

1883 BobWhite_c2514_109 150.5983 727673756 4.00E-46 

11951 BS00096151_51 150.5983 727673875 4.00E-46 

47549 Kukri_c7284_674 150.5983 727677757 4.00E-46 

45661 Kukri_c46447_1738 150.5983 727785033 4.00E-46 

343 BobWhite_c12355_1548 150.3297 727785699 9.00E-44 

11145 BS00080759_51 150.5983 727994270 4.00E-46 

10819 BS00075616_51 150.5983 728005639 4.00E-46 

8092 BS00037198_51 150.5983 728060705 4.00E-46 

54207 RAC875_c16049_89 150.5983 728356922 1.00E-39 

6321 BS00010953_51 150.5983 728400816 7.00E-23 

8868 BS00062611_51 150.5983 728581864 4.00E-46 

40603 Kukri_c11467_993 150.5983 729360872 4.00E-46 

9496 BS00065265_51 150.5983 729854271 4.00E-46 

21716 Excalibur_c1070_1978 150.1173 729897522 4.00E-46 

21717 Excalibur_c1070_2327 153.2595 729897871 4.00E-46 

69562 Tdurum_contig28598_245 152.413 731036268 2.00E-35 

6699 BS00021666_51 155.4147 735586157 4.00E-46 

80516 wsnp_Ku_c44600_51841068 157.0233 737803777 2.00E-37 

57859 RAC875_c42647_153 157.0233 738209215 4.00E-46 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

12163 BS00101258_51 155.4147 738209331 4.00E-46 

23473 Excalibur_c20408_81 148.6524 738313552 9.00E-44 

26595 Excalibur_c4484_985 157.0233 738314055 4.00E-46 

76017 wsnp_CAP7_c172_96407 158.9754 738314056 1.00E-104 

52455 Ra_c69234_623 163.1609 739369855 2.00E-26 

6295 BS00010819_51 157.0077 739370084 9.00E-41 

50620 Kukri_s109646_139 157.0077 739370186 9.00E-44 

10520 BS00071025_51 155.4147 740833290 4.00E-46 

41906 Kukri_c18148_1234 163.1609 740840751 4.00E-46 

75461 wsnp_BE445506B_Ta_2_2 159.6689 740850451 5.00E-58 

7586 BS00025724_51 158.1134 741768914 1.00E-45 

8586 BS00050320_51 158.1134 741770977 4.00E-46 

8587 BS00050328_51 158.1134 741771286 4.00E-46 

8762 BS00058970_51 158.1134 741772418 4.00E-46 

8761 BS00058969_51 158.1134 741772459 4.00E-46 

50136 Kukri_rep_c71636_533 158.1134 741773790 9.00E-44 

7512 BS00023884_51 158.3383 743330217 4.00E-46 

44297 Kukri_c34272_108 160.431 743871623 5.00E-36 

21509 Excalibur_c100544_112 158.9754 743873392 5.00E-36 

42622 Kukri_c22243_73 158.9754 743874127 2.00E-44 

56659 RAC875_c31851_529 160.5903 743875024 4.00E-46 

55488 RAC875_c23333_489 160.431 743877268 3.00E-40 

44608 Kukri_c3676_483 162.1114 744132081 9.00E-44 

5972 BS00004376_51 171.1102 745003862 2.00E-35 

61978 RAC875_rep_c110526_324 163.3015 745005427 4.00E-46 

49181 Kukri_rep_c106477_365 171.1102 745005634 9.00E-41 

8304 BS00042112_51 162.1114 745071422 4.00E-46 

25962 Excalibur_c3870_288 162.2239 745072591 4.00E-46 

25963 Excalibur_c3870_89 171.1102 745072789 2.00E-41 

22872 Excalibur_c1688_436 171.1102 745084975 4.00E-46 

30725 Excalibur_rep_c66257_477 171.1102 745085268 9.00E-44 

57955 RAC875_c43579_80 171.1102 745085374 4.00E-24 

62682 RAC875_rep_c70367_185 171.1102 745085655 4.00E-46 

62681 RAC875_rep_c70367_158 171.1102 745085682 4.00E-46 

23318 Excalibur_c19455_3496 163.1609 746047676 2.00E-41 

12638 BS00111247_51 163.1609 746082232 4.00E-46 

9811 BS00066456_51 163.9105 747428589 9.00E-44 

47876 Kukri_c81094_434 164.2416 751554109 4.00E-46 

34196 GENE-4848_95 165.0475 752096845 4.00E-46 

27877 Excalibur_c5938_1703 171.1102 752204148 4.00E-46 

27876 Excalibur_c5938_1669 171.1102 752204183 4.00E-46 

27818 Excalibur_c5851_1661 171.1102 752223665 4.00E-46 

64015 RFL_Contig2647_624 166.9903 753743389 3.00E-31 
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Wheat 

90K SNP 

Index 
SNP designation 

Genetic position (cM) 

(Wang et al. 2014) 
Physical 

position (bp) 
E value 

75239 tplb0060b03_921 166.9903 754572519 3.00E-34 

13260 CAP12_c194_240 171.1102 754573117 6.00E-45 

24202 Excalibur_c2464_202 171.1102 755165529 4.00E-35 

10676 BS00073560_51 166.9903 755660726 4.00E-46 

58838 RAC875_c525_1885 167.2745 755697674 3.00E-37 

58841 RAC875_c525_811 167.2745 755700493 2.00E-26 

58835 RAC875_c525_106 166.9903 755702522 4.00E-46 

8824 BS00060980_51 171.1102 756213675 4.00E-46 

9064 BS00063474_51 166.9903 756245873 4.00E-46 

64172 RFL_Contig3005_669 171.1102 756379516 4.00E-46 

64173 RFL_Contig3005_899 171.1102 756379747 4.00E-46 

64169 RFL_Contig3005_1031 171.1102 756379878 4.00E-46 

73641 Tdurum_contig83564_600 171.1102 756380013 4.00E-46 

6469 BS00011767_51 167.3995 756384008 4.00E-46 

51167 Ra_c15460_1031 171.1102 756384461 4.00E-46 

29199 Excalibur_c87219_179 168.7551 758636478 4.00E-46 

12247 BS00105550_51 167.6712 761567818 4.00E-46 

43892 Kukri_c30714_633 167.7024 761956392 4.00E-46 

53695 RAC875_c1329_225 171.1102 762003200 2.00E-29 

53698 RAC875_c1329_488 188.6391 762003839 1.00E-39 

9405 BS00064933_51 167.5588 762346994 9.00E-44 

29106 Excalibur_c8449_280 171.1102 762379141 1.00E-42 

27073 Excalibur_c49685_207 171.1102 762493450 2.00E-41 

7408 BS00023069_51 171.1102 762991032 4.00E-46 

42703 Kukri_c22826_137 168.7551 763200816 9.00E-44 

47728 Kukri_c77849_131 168.7551 763307755 1.00E-39 

70127 Tdurum_contig30909_76 167.996 763311995 4.00E-43 
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APPENDIX H. PHYSICAL POSITIONS OF THE RECOMBINATION BREAKPOINTS 

OF THE REPRESENTATIVE 7B-7E AND 7B-7S RECOMBINANTS  

Rec. ID 
Original 

recombinant code 

 Recombinant 

chromosome composition 

Physical positions of recombination 

breakpoints (bp)a 

I-1 XWC14-260-120 7ES·7EL-7BL 748818171 

I-2 XWC14-757-21 7ES·7EL-7BL 722231182 

I-3 XWC14-760-14 7ES·7EL-7BL 716989580 

I-4 XWC14-257-94 7ES·7EL-7BL 709419146 

I-5 XWC14-762-3 7ES·7EL-7BL 689196919 

I-6 XWC14-759-26 7ES·7EL-7BL 681472263 

I-7 XWC14-257-38 7ES·7EL-7BL 652682795 

I-8 XWC14-257-50 7ES·7EL-7BL 646797007 

II-1 XWC14-260-121 7ES·7EL-7BL 644113768 

II-2 XWC14-760-7 7ES·7EL-7BL 625149043 

II-4 XWC14-255-11 7ES·7EL-7BL 599653815 

II-6 XWC14-260-26 7ES·7EL-7BL 596435648 

II-7 XWC14-259-36 7ES·7EL-7BL 594148462 

VI-1 XWC14-260-107 7ES·7BL 306426320 

IV-5 XWC14-759-17 7BS·7BL-7EL 722231182 

IV-4 XWC14-258-83 7BS·7BL-7EL 698091479 

IV-2 XWC14-762-36 7BS·7BL-7EL 689196919 

III-8 XWC14-759-52 7BS·7BL-7EL 662718054 

IV-1 XWC14-255-3 7BS·7BL-7EL-7BL 658601392 744441451 - 

III-7 XWC14-255-23 7BS·7BL-7EL 644113768 

III-6 XWC14-258-33 7BS·7BL-7EL 636622881 

III-5 XWC14-759-37 7BS·7BL-7EL 612074803 

III-4 XWC14-258-72 7BS·7BL-7EL 589963136 

III-1 XWC14-255-24 7BS·7BL-7EL 573165588 

VI-7 XWC14-260-62 7BS·7EL 306426320 

II-8 XWC14-260-17 7BS-7ES·7EL 48069029 

VIII-9 XWC14-703-11 7SS·7SL 738841955 

I-9 XWC14-704-4 7SS·7SL-7BL 738006554 

VIII-10 XWC14-703-17 7SS·7SL 736694967 

VIII-11 XWC14-703-14 7SS·7SL 732742014 

I-11 XWC14-705-21 7SS·7SL-7BL 718222302 

I-12 XWC14-705-8 7SS·7SL-7BL 716992026 

I-13 XWC14-707-8 7SS·7SL-7BL 709420199 

I-16 XWC14-709-3 7SS·7SL-7BL 693036264 
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Rec. ID 
Original 

recombinant code 
 Recombinant 

chromosome composition 
Physical positions of recombination 

breakpoints (bp)a 
I-17 XWC14-705-1 7SS·7SL-7BL 684592274 

I-19 XWC14-705-18 7SS·7SL-7BL 681472263 

I-21 XWC14-703-22 7SS·7SL-7BL 673367983 

I-23 XWC14-93-11 7SS·7SL-7BL 664604963 

II-11 XWC14-706-19 7SS·7SL-7BL 662286861 

II-14 XWC14-704-22 7SS·7SL-7BL 657731776 

II-16 XWC14-708-8 7SS·7SL-7BL 647326484 

V-9 XWC14-95-8 7SS·7SL-7BL-7SL 647326484 745566679 - 

V-10 XWC14-705-30 7SS·7SL-7BL-7SL-7BL 622198984 687726126 732742014 

II-17 XWC14-704-43 7SS·7SL-7BL 622198984 

II-19 XWC14-709-4 7SS·7SL-7BL 596995366 

II-20 XWC14-707-11 7SS·7SL-7BL 592293885 

VI-9 XWC14-707-7 7SS·7BL 343026891 

III-9 XWC14-708-34 7SS-7BS·7BL 115332347 

III-10 XWC14-708-3 7SS-7BS·7BL 62038283 

IV-20 XWC14-704-24 7BS·7BL-7SL-7BL 698007708 756296711 - 

IV-11 XWC14-704-21 7BS-7SS·7SL 698007708 

IV-16 XWC14-707-3 7BS·7BL-7SL 693036264 

IV-15 XWC14-95-19 7BS·7BL-7SL 689591306 

V-11 XWC14-709-44 7BS-7SS·7SL-7BL-7SL 73213887 622198984 684592274 

IV-13 XWC14-709-36 7BS·7BL-7SL 684592274 

IV-12 XWC14-707-1 7BS·7BL-7SL 681472263 

III-23 XWC14-95-2 7BS·7BL-7SL 673367983 

III-20 XWC14-708-15 7BS·7BL-7SL 657731776 

III-18 XWC14-703-12 7BS·7BL-7SL 652745436 

III-17 XWC14-706-40 7BS·7BL-7SL 647326484 

V-12 XWC14-95-10 7BS·7BL-7SL-7BL 645240334 736694967 - 

III-16 XWC14-95-15 7BS·7BL-7SL 622198984 

III-14 XWC14-705-10 7BS·7BL-7SL 614837023 

III-13 XWC14-707-21 7BS·7BL-7SL 588409728 
aThe physical position of a recombination breakpoint was estimated according to the physical location 
of the middle point between the SNPs immediately flanking the recombination breakpoint in the 
IWGSC RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/). 
Two highlighted recombination breakpoints were detected by SNP assay, but only one was visualized 
by GISH. 
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APPENDIX I. THE COMPOSITE BIN MAP OF CHROMOSOME 7B AND 

PARTITIONED CHROMOSOME BASED ON 7B-7E RECOMBINANTS AND 7B-7S 

RECOMBINANTS  

 
 
The composite bin map of chromosome 7B and partitioned chromosome based on 7B-7E 
recombinants (a) and 7B-7S recombinants (b). Vertical bars indicate physical size of the bins, 
and curved lines indicate SNP numbers within each bin. All bins were color-coded according to 
their physical size and locations in the horizontal ideogram of chromosome 7B (bottom). Red 
triangles point to the centromere.  
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APPENDIX J.... SNP-BASED PHYSICAL MAPPING OF THE 7B-7E AND 7B-7S 

RECOMBINATION-RESOLVED BINS FOR CHROMOSOME 7B 

Bins 
Arm 

location 

Estimated start 

point (bp)a 

Estimated end 

point (bp)b 
Bin size (bp) SNPs/Bin 

1 Short arm 427328 48069029 47641701 27 
2 Short arm 48069029 62038413 13969384 23 
3 Short arm 62038413 73213887 11175474 8 
4 Short arm 73213887 115332347 42118460 24 
5 Short arm 115332347 306426320 191093974 82 
6 Long arm 306426320 573165588 266739268 107 
7 Long arm 573165588 588409728 15244140 8 
8 Long arm 588409728 589963136 1553408 5 
9 Long arm 589963136 594148462 4185326 3 

10 Long arm 594148462 596435648 2287187 1 
11 Long arm 596435648 597397195 961547 1 
12 Long arm 597397195 612074803 14677608 8 
13 Long arm 612074803 614837023 2762220 1 
14 Long arm 614837023 623635630 8798607 5 
15 Long arm 623635630 636622881 12987251 9 
16 Long arm 636622881 644113768 7490888 9 
17 Long arm 644113768 645471478 1357710 4 
18 Long arm 645471478 647326484 1855006 2 
19 Long arm 647326484 652744324 5417841 14 
20 Long arm 652744324 658601392 5857068 7 
21 Long arm 658601392 662717968 4116577 2 
22 Long arm 662717968 663739360 1021392 1 
23 Long arm 663739360 664789155 1049795 3 
24 Long arm 664789155 673367983 8578828 5 
25 Long arm 673367983 681472263 8104280 1 
26 Long arm 681472263 684592274 3120012 4 
27 Long arm 684592274 687726126 3133852 7 
28 Long arm 687726126 689591306 1865181 1 
29 Long arm 689591306 691062100 1470794 1 
30 Long arm 691062100 693036264 1974165 2 
31 Long arm 693036264 698091479 5055215 2 
32 Long arm 698091479 709419833 11328354 10 
33 Long arm 709419833 716992026 7572193 37 
34 Long arm 716992026 718222302 1230276 3 
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Bins 
Arm 

location 
Estimated start 

point (bp)a 
Estimated end 

point (bp)b 
Bin size (bp) SNPs/Bin 

35 Long arm 718222302 722231182 4008881 8 
36 Long arm 722231182 732742014 10510832 23 
37 Long arm 732742014 736694967 3952953 1 
38 Long arm 736694967 738006554 1311587 1 
39 Long arm 738006554 738841955 835401 3 
40 Long arm 738841955 744441451 5599496 18 
41 Long arm 744441451 745566679 1125228 9 
42 Long arm 745566679 748818171 3251492 2 
43 Long arm 748818171 756296711 7478541 14 
44 Long arm 756296711 763311995 7015284 17 

a,bThe bin start/end points were estimated according to the physical location of the middle point 
between the SNPs immediately flanking the recombination breakpoint in the IWGSC RefSeq v2.0 
(https://wheat-urgi.versailles.inra.fr/). 

 


