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Initial paragraph 20 

The introgression of chromosome segments from wild relatives is an established strategy to enrich crop 21 

germplasm with novel disease resistance genes1. Here, we use mutagenesis and transcriptome sequencing 22 

to clone the leaf rust resistance gene Lr9, which was introduced into bread wheat from the wild grass species 23 

Aegilops umbellulata2. We establish that Lr9 encodes an unusual tandem kinase fusion protein. Long-read 24 

sequencing of a wheat Lr9 introgression line and the putative Ae. umbellulata Lr9 donor enabled us to 25 

assemble the ~28.4-Mb Lr9 translocation and to identify the translocation breakpoint. We likewise cloned 26 

Lr58, which was reportedly introgressed from Ae. triuncialis3, but has an identical coding sequence 27 

compared to Lr9. Cytogenetic and haplotype analyses corroborate that the two genes originate from the 28 

same translocation event. Our work sheds light on the emerging role of kinase fusion proteins in wheat 29 

disease resistance, expanding the repertoire of disease resistance genes for breeding. 30 

 31 

Main Text  32 

Bread wheat (Triticum aestivum; 2n = 6x = 42, AABBDD genome) is one of the most widely cultivated 33 

crops worldwide4. The fungal pathogen Puccinia triticina (Pt) causes leaf rust, which is among the most 34 

widespread and devastating wheat diseases, resulting in annual production losses of ~25 million tons5,6. Of 35 

the 69 known leaf rust (Lr) resistance genes in wheat, 28 were introgressed from the secondary and tertiary 36 

gene pools through interspecific hybridizations7. The genus Aegilops (annual goat grasses) comprises 37 

diploid and polyploid species that serve as reservoirs to increase wheat genetic diversity8,9. The two 38 

resistance genes Lr9 and Lr58 were introgressed into bread wheat from the U-genomes of Ae. umbellulata 39 

(diploid; 2n = 2x = 14; UU genome) and Ae. triuncialis (tetraploid; 2n = 4x = 28; UtUtCtCt genome), 40 

respectively2,3. The Lr9 introgression is of historic importance, as it was the first disease resistance gene 41 

transferred into bread wheat in the 1950s using irradiation, although the Ae. umbellulata donor was not 42 

specified2. The resulting bread wheat line, ‘Transfer’, carried an Ae. umbellulata translocation at the end of 43 

chromosome arm 6BL2,10. The Lr58 introgression reportedly occurred spontaneously through 44 

homoeologous recombination while backcrossing Ae. triuncialis accession TA10438 to the susceptible 45 
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bread wheat line WL7113. Lr58 was mapped to chromosome arm 2BL in the resulting backcross line 46 

TA56053. Wheat cultivars carrying Lr9 were released in the late 1960s. Lr9 is still effective in many wheat 47 

growing areas, although virulent Pt isolates emerged a few years after the release of the first Lr9-carrying 48 

wheat cultivars11. Lr58 has not been widely deployed in wheat breeding, and Pt races virulent on Lr58 have 49 

been reported3. 50 

 51 

Both Lr9 and Lr58 conferred strong resistance against multiple Pt isolates in controlled conditions (Fig. 1a, 52 

Extended Data Fig. 1). To clone the two genes, we screened ethyl methanesulfonate (EMS)-induced mutant 53 

populations in the genetic backgrounds of ThatcherLr9 (Transfer/6*Thatcher; 919 M2 families) and 54 

TA5605 (Lr58 carrier; ~7,400 M2 families) for loss of resistance. We identified and validated 17 and 104 55 

susceptible mutants in these two backgrounds, respectively (Fig. 1b, Extended Data Fig. 2). Because alien 56 

introgressions often show suppressed recombination1, we developed MutIsoSeq to clone Lr9 and Lr58. 57 

MutIsoSeq combines isoform sequencing (Iso-seq) of wild-type parental lines and transcriptome deep 58 

sequencing (RNA-seq) of EMS mutants to identify altered transcripts for candidate genes and does not 59 

require genetic mapping (Fig. 1c). First, we generated Iso-seq reads derived from RNA isolated from Pt-60 

inoculated ThatcherLr9 and TA5605 leaves. We then mapped RNA-seq reads from 10 ThatcherLr9 and 10 61 

TA5605 susceptible mutants against their respective parents and identified EMS-type (G/C to A/T) 62 

mutations. For both sets of mutants, we only identified one transcript with EMS-type point mutations in all 63 

20 sequenced mutants (Table 1). Surprisingly, the putative Lr9 and Lr58 coding sequences were identical 64 

suggesting that 1) two identical genes were introgressed independently from two different U-genome 65 

species, or 2) Lr9 and Lr58 are actually the same original introgression and named differently from pedigree 66 

or mapping errors.  67 

 68 

The putative 3,504-bp Lr9/Lr58 coding sequence encoded a 1,167-amino acid protein with an N-terminal 69 

tandem kinase domain followed by a von Willebrand factor A (vWA) domain and a Vwaint domain in the 70 

C-terminus (Fig. 1d). Wheat tandem kinases (WTKs) have recently emerged as a new prominent player 71 
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involved in disease resistance in Triticeae, the botanical tribe including wheat and barley12-18. The fusion 72 

of a WTK to another domain, however, is unique and highly unusual. vWA and Vwaint domains often 73 

occur together (subsequently referred to as vWA/Vwaint domains) and are thought to participate in protein-74 

protein interactions in plants19,20. The vWA-containing copine proteins in Arabidopsis and rice are 75 

regulators of disease resistance and the Arabidopsis copine protein BON1 might be guarded by the NLR 76 

immune receptor SNC1, supporting a potential role of vWA-containing proteins in defense19,21,22. To reflect 77 

the introduced nomenclature, we refer to the Lr9/Lr58 candidate as WTK6-vWA hereafter. A PCR marker 78 

derived from WTK6-vWA showed complete linkage with disease resistance in F2 populations derived from 79 

crosses between ThatcherLr9 and the susceptible wheat cultivar Avocet S and TA5605 with Avocet S 80 

(Extended Data Figs. 3, 4). 81 

 82 

Several lines of evidence indicate that Lr9 and Lr58 are from the same original introgression: 1) Previously 83 

published Lr9 and Lr58 markers showed complete linkage with WTK6-vWA in the two mapping populations 84 

(Extended Data Figs. 3, 4)23,24. 2) Complementation tests using an F2 population from a ThatcherLr9 × 85 

TA5605 cross had no susceptible individuals (Extended Data Fig. 5), supporting the linkage of Lr9 and 86 

Lr58. 3) Fluorescence in situ hybridization using a probe derived from WTK6-vWA hybridized to 87 

chromosome arm 6BL in both Transfer (Lr9) and TA5605 (Lr58) (Extended Data Fig. 6). Sequencing of 88 

the 3.7-kb probe revealed 100% sequence identity between ThatcherLr9 and TA5605 but one 89 

polymorphism in the putative Ae. triuncialis Lr58 donor TA10438. Together, these results indicated that 90 

Lr9 and Lr58 are identical and that Ae. triuncialis accession TA10438 is not the Lr58 donor. As the Lr9 91 

translocation was produced 51 years before the Lr58 introgression, Lr58 is likely Lr9. During the generation 92 

of TA5605, leaf rust-resistant plants with normal chromosome numbers were selected, assuming 93 

homoeologous recombination between WL711 and Ae. triuncialis chromosomes3. A rare seed 94 

contamination containing Lr9 may have been selected at this step. Alternatively, materials might have been 95 

mislabeled at a later date. The TA5605 and TA10438 accessions used here were the original sources, which 96 

were deposited in the Wheat Genetics Resource Center3. The reports placing Lr9 and Lr58 on different 97 
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chromosomes may be explained by the non-homologous Lr9 translocation following irradiation. WTK6-98 

vWA produced the strongest BLAST hits on the long arms of homoeologous group 2 chromosomes in wheat, 99 

in agreement with previous reports showing that the Ae. umbellulata chromosome 6U segment from which 100 

Lr9 originated is syntenic to wheat group 2 chromosomes8,25. Molecular markers derived from the bread 101 

wheat group 2 chromosomes might thus map to the Ae. umbellulata translocation, while linked markers 102 

derived from the bread wheat chromosome that received the translocation would map to chromosome arm 103 

6BL. We failed to identify WTK6-vWA in sequences of flow-sorted TA5605 2B chromosomes, providing 104 

additional evidence that Lr58 is not located on chromosome 2B. 105 

 106 

We amplified and Sanger-sequenced the WTK6-vWA genic region from the remaining 101 Lr9/Lr58 107 

(subsequently referred to as Lr9) mutants and detected missense or nonsense mutations in all but one mutant 108 

in the ThatcherLr9 background, which might harbor second-site mutations or a mutation in the regulatory 109 

region. We identified 19 premature stop codon mutations, 67 non-redundant amino acid substitutions, four 110 

splice-site mutations, and one start codon mutation (Fig 1d, Extended Data Fig. 7, Supplementary Table 1). 111 

We further validated the identity of Lr9 by virus-induced gene silencing (VIGS). Silencing of WTK6-vWA 112 

increased leaf rust susceptibility (Fig. 1e). Together, the mutant analysis, genetic mapping, and silencing 113 

confirm that WTK6-vWA is Lr9. 114 

 115 

The 67 non-redundant amino acid substitution mutations enabled us to establish a detailed map of critical 116 

residues required for WTK6-vWA function. One amino acid substitution mapped to the N-terminal loop, 117 

48 in kinase 1, 13 in kinase 2, and 5 in the C-terminal vWA/Vwaint domains. Protein modeling revealed a 118 

marked difference in the effects of individual amino acid substitutions between the two kinase domains 119 

(Fig. 2). Thirty-one out of 48 amino acid substitutions in kinase 1 were predicted to be surface-localized, 120 

while most (8 out of 13) of the substitutions in kinase 2 affected internal residues (Fig. 2, Supplementary 121 

Table 1). Substitutions at surface-localized amino acids are likely to interfere with protein function, while 122 

substitutions of internal amino acids might affect protein structure and stability26,27. Seventeen of the amino 123 
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acid substitutions in kinase 1 affected conserved subdomains and loops, including ATP-binding sites, 124 

compared to only three amino acids for the conserved kinase 2 subdomains (Extended Data Fig. 7)28. In 125 

conserved subdomain III, kinase 2 carried an aspartic acid (D) instead of the highly conserved glutamic 126 

acid (E) found in kinase 1 (Extended Data Fig. 7). Substitution of the subdomain III glutamic acid in the 127 

Arabidopsis EVR kinase abrogated kinase activity29. Thus, we conclude that the two kinase domains may 128 

play different roles in WTK6-vWA.  129 

 130 

Most WTK proteins involved in disease resistance in wheat and barley have been suggested to harbor a 131 

kinase and a pseudokinase domain12-18. WTK6-vWA homologs were very rare in bread wheat, with zero to 132 

two functional copies identified in wheat reference assemblies (Supplementary Table 2)30-35. All bread 133 

wheat WTK6-vWA homologs represented Lr9 orthologs located on chromosome arms 2AL and 2BL. The 134 

wheat lines ArinaLrFor and Fielder carried the closest Lr9 orthologs on chromosome 2A, with 90.1% amino 135 

acid sequence identity to Lr9. We also identified one to eight genes encoding proteins with a single kinase 136 

domain followed by vWA/Vwaint domains in individual assemblies of bread wheat cultivars and various 137 

wild relatives (Supplementary Table 2)30-38. We hypothesize that kinase-vWA proteins play a role in basal 138 

plant immunity and are targeted by Pt virulence effectors. A duplication of the kinase domain in WTK6-139 

vWA might have resulted in a new function, whereby kinase 2 and the vWA/Vwaint domains serve as 140 

decoy39, while kinase 1 activity is required to initiate a defense response after effector perception. All five 141 

amino acid substitutions in the vWA/Vwaint domains were surfaced-localized, indicating that this domain 142 

might be crucial for effector recognition (Fig. 2, Supplementary Table 1). 143 

 144 

We used a diagnostic Kompetitive Allele Specific PCR (KASP) marker derived from the polymorphism 145 

that distinguished WTK6-vWA alleles from ThatcherLr9 and Ae. triuncialis TA10438 to screen a diversity 146 

panel comprising 59 Ae. umbellulata and 205 Ae. triuncialis accessions (Extended Data Fig. 8, 147 

Supplementary Table 3). No Ae. triuncialis accession carried Lr9, and only one Ae. umbellulata accession 148 

(TA1851) was positive for Lr9. We generated contig-level assemblies of ThatcherLr9 and the putative Ae. 149 
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umbellulata Lr9 donor TA1851 using PacBio circular consensus sequencing (CCS)40 to determine the 150 

genomic sequence of Lr9, including surrounding regions (Table 2). We assembled a 5.66-Mb and 14.99-151 

Mb Lr9-containing contig in ThatcherLr9 and TA1851, respectively (Fig. 3a). The Lr9 gene sequence 152 

spanned 10.63 kb and had 14 exons (Extended Data Fig. 9). The Lr9 gene sequence was identical between 153 

ThatcherLr9 and TA1851 and the two contigs showed 99.99% sequence identity over 5.58 Mb, confirming 154 

that TA1851 is the Lr9 donor (Fig. 3a). The few polymorphisms mainly represented short 155 

insertion/deletions and are considered likely sequencing errors. The ThatcherLr9 contig had two large 156 

deletions of 24.8 and 46.0 kb compared to TA1851, most likely caused by the irradiation treatment (Fig. 157 

3a). Mapping of TA5605, Thatcher, and Ae. triuncialis TA10438 Illumina reads confirmed that TA5605 158 

carries the same introgression as ThatcherLr9, while the mapping rates for Thatcher and TA10438 reads 159 

were low (Fig. 3b), thus further supporting that Lr9 and Lr58 come from the same original introgression.  160 

 161 

To reconstruct the history of the Lr9 translocation, we first estimated the size of the Lr9 translocation to be 162 

~35-50 Mb by genomic in situ hybridization (Fig. 3c). We then mapped TA1851 k-mers to the ThatcherLr9 163 

assembly, which identified 13 ThatcherLr9 contigs with high k-mer mapping rates (Fig. 3d, Supplementary 164 

Table 4). The 13 ThatcherLr9 contigs were 0.28-5.66 Mb in size and matched five contigs in TA1851. We 165 

ordered and oriented the five TA1851 contigs based on a published Ae. umbellulata genetic map41 166 

(Supplementary Table 5). One ThatcherLr9 contig spanned a 585-bp gap between two neighboring TA1851 167 

contigs, which left four gaps of unknown size. Most of the gaps between the ThatcherLr9 contigs were small 168 

(<4 kb) based on the corresponding TA1851 sequence, suggesting that we covered most of the Lr9 translocation. 169 

ThatcherLr9 contig TcLr9ptg000262l marked the terminal end of the translocation, with Lr9 locating 6.05 170 

Mb proximal to the end. We identified the proximal breakpoint of the Ae. umbellulata translocation in 171 

ThatcherLr9 contig TcLr9ptg002383l (Fig. 3d). k-mer mapping rates and dot plots revealed the exact 172 

breakpoint between bread wheat chromosome 6B and the Ae. umbellulata translocation (Fig. 3e, Extended 173 

Data Fig. 10), which was located in the putative promoter region of a NLR gene in bread wheat, while the 174 

breakpoint in Ae. umbellulata corresponded to a retrotransposon. These results confirmed that the use of 175 
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irradiation led to a fusion of non-homologous chromosome segments. The Ae. umbellulata translocation 176 

spanned ~28.4 Mb, in agreement with the cytogenetic estimate. Bread wheat line Chinese Spring was used 177 

as a recurrent parent to generate Transfer, which allowed us to compare the exact positions of the 178 

translocation breakpoints in ThatcherLr9 (carrying the Lr9 translocation from Transfer) and the Chinese 179 

Spring reference genome30,32. The translocation breakpoint was at position 725.61 Mb (RefSeq v2.1), which 180 

was 5,580,341 bp proximal to the end of Chinese Spring chromosome 6B, indicating that this 5.58-Mb 181 

segment including 87 high-confidence genes is missing in Lr9-containing wheat lines (Fig. 3f). Alien 182 

introgressions, including the Lr9-containing Ae. umbellulata translocation, are often associated with 183 

reduced yields42. Our results show that such yield decline might be caused both by undesirable alleles on 184 

the Ae. umbellulata introgression (linkage drag) and by the loss of this 5.58-Mb chromosomal segment. 185 

 186 

In summary, we identified a novel class of kinase fusion protein involved in disease resistance. Our results 187 

indicate that the duplicated kinase domains have diverse functions and we hypothesize that the second 188 

kinase and the vWA/Vwaint domains are integrated decoys. A second example of an ‘integrated decoy 189 

kinase fusion protein’ is the protein encoded by the stem rust resistance gene Sr43 (ref. 43). Sr43 contains 190 

a kinase domain fused to two domains of unknown function that might serve as decoys. Together, these 191 

two studies highlight the emerging role of unusual kinase fusion proteins in wheat disease resistance13-18,44-192 

47, which will form the basis to utilize this protein class in breeding. 193 

 194 
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 389 

Fig. 1. Lr9 and Lr58 encode an unusual tandem kinase fusion protein. a, Phenotypic effect of Lr9 and 390 

Lr58 against Puccinia triticina. ThatcherLr9 (TcLr9) and Transfer represent Lr9-carrying bread wheat 391 

lines, Thatcher is the susceptible control. TA5605 is a Lr58-carring bread wheat backcross line in the 392 

genetic backgound of the susceptible parent WL711. Scale bar = 1 cm. b, Representative images showing 393 

the phenotype of susceptible ThatcherLr9 mutants. Mutants in bold were used for MutIsoSeq. Blue and 394 

yellow boxes show magnified sections of the partially susceptible mutants M388 and M494, respectively. 395 

Scale bar = 1 cm. c, Schematic represenation of MutIsoSeq. Isoform sequencing is used to obtain full-length 396 

transcript sequences of a wild-type (WT) parent. RNA sequencing reads generated from EMS mutants are 397 

mapped against the wild-type full-length transcripts and single nucleotide polymorphisms (SNPs) are 398 

called. Transcripts showing an EMS-type point mutation (red asterisks) in all the mutants are considered as 399 

candidates (transcript 2 in this example). d, The prediced WTK6-vWA protein structure, Salmon red: kinase 400 

1, light brown: kinase 2, purple: vWA domain, light blue: Vwaint domain. Vertical bars represent 67 EMS-401 

induced amino acid substistutions, upper bars = surface-localized residues, lower bars = internal residues, 402 

black asterisks = premature stop codon and start codon mutations. VIGS1 and VIGS2 indicate the positions 403 

of the two virus-induced gene silencing (VIGS) constructs. e, Representative images showing the results of 404 

the VIGS experiment using barley stripe mosaic virus (BSMV). BSMV-γVIGS1 and BSMV-γVIGS2 = 405 

two silencing constructs targeting WTK6-vWA, BSMV-γGFP = control with a GFP silencing construct, 406 

BSMV-γPDS = silencing construct targeting the phytoene desaturase genes. Scale bar = 1 cm. 407 
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 408 

Fig. 2 Protein structure prediction and mutation analysis of WTK6-vWA. a, The protein structure of 409 

WTK6-vWA as predicted by AlphaFold v2.0. b, Kinase 1 and kinase 2 as predicted by AlphaFold v2.0, 410 

indicating the basic secondary functional features. The colors of the domains are identical to Fig. 1d. 411 

Salmon red: kinase 1, light brown: kinase 2, purple: vWA domain, light blue: Vwaint domain. Green 412 

spheres indicate internal amino acid substitutions resulting from the EMS mutagenesis. Light and dark 413 

yellow spheres represent surface-localized amino acid substitutions. 414 
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 415 

Fig. 3. Assembly of the Lr9 translocation. a, Lr9-carrying contigs identified in the ThatcherLr9 (TcLr9) 416 

and Ae. umbellulata (TA1851) assemblies. The chart in the middle shows the average nucleotide identity 417 

(ANI) calculated in non-overlapping sliding windows of 10 kb. Lines in the TcLr9 contig indicate 418 

irradiation-induced deletions. b, Heat map showing Illumina read coverage (in non-overlapping sliding 419 

windows of 50 kb) from TA5605, Thatcher, and Ae. triuncialis accession TA10438 mapped against the 420 

ThatcherLr9 contig. c, Genomic in situ hybridization (GISH) patterns of partial mitotic metaphase spreads 421 

of TA5524 (Transfer) and TA5605 using Ae. umbellulata genomic DNA (visualized in red). The Ae. 422 

umbellulata translocation on chromosome arm 6BL is indicated by arrows. GAA repeats (green signals) 423 

were used to identify the homologous chromosome pairs. Scale bars = 5 μm. d, Thirteen ThatcherLr9 424 

(TcLr9) contigs were identified that showed increased coverage of Ae. umbellulata derived k-mers. The 425 

heat map in the ThatcherLr9 contigs represents the k-mer coverage in sliding windows of 50 kb. The 426 

corresponding TA1851 contigs are indicated below the ThatcherLr9 contigs (ordered and oriented 427 

according to an Ae. umbellulata genetic map). The positions of published Lr9 and Lr58 genetic markers are 428 

indicated. e, Schematic representation showing the translocation breakpoint between Ae. umbellulata 429 

(represented in green) and bread wheat chromsome 6BL (represented in blue). The black bars in the Gypsy 430 

retroelement correspond to the long terminal repeats (LTR). The nucleotide position 725,607,891 indicates 431 

the corresponding position in the Chinese Spring reference assembly (IWGSC v2.1). f, Schematic 432 

representation of the non-homologous chromosome translocation between Ae. umbellulata chromosome 433 

6U and bread wheat chromosome 6BL. The irriadiation led to chromosome breaks and random chromosome 434 

fusions. During the translocation, a 5.58 Mb bread wheat chromosome segment was lost. 435 

  436 
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Table 1. Number of transcripts with n EMS-induced point mutations in the ten sequenced ThatcherLr9 437 

and TA5605 mutants. 438 

 
ThatcherLr9 TA5605 

Number of transcripts mutated in 0 lines  67,974 124,101 

Number of transcripts mutated in 1 line  9,073 18,949 

Number of transcripts mutated in 2 lines  765 2,137 

Number of transcripts mutated in 3 lines  68 214 

Number of transcripts mutated in 4 lines  2 22 

Number of transcripts mutated in 5 lines  1 3 

Number of transcripts mutated in 6 lines  0 0 

Number of transcripts mutated in 7 lines  0 0 

Number of transcripts mutated in 8 lines  0 1* 

Number of transcripts mutated in 9 lines  0 0 

Number of transcripts mutated in 10 lines  1 0 

*Two Lr58 mutants carried a mutation at the same position. These two mutants were missed in the original 439 

run because the parameter ‘-z’ (number of mutant lines that are allowed to have a single nucleotide variant 440 

in the same position) was set as 1. Point mutations were found in the remaining two mutants in another run 441 

with the parameter ‘-z’ set to 2. 442 

  443 



19 

 

Table 2. Statistics of the ThatcherLr9 and TA1851 assemblies.  444 

Genomic feature ThatcherLr9 TA1851 

Length of HiFi assembly 14.49 Gb 4.25 Gb 

Number of contigs  7,686 1,379 

Length of contig N50 4.52 Mb 11.15 Mb 

Length of contig N90  1.2 Mb 3.18 Mb 

Largest contig 30.59 Mb 57.09 Mb 

GC content 46.13% 47.11% 

  445 
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Methods  446 

Plant material  447 

Bread wheat accessions Transfer (TA5524), WL711, TA5605, Ae. umbellulata accession TA1851 and Ae. 448 

triuncialis accession TA10438 were obtained from the Wheat Genetics Resource Center (WGRC). 449 

ThatcherLr9 (Transfer/6*Thatcher) is a near-isogenic line carrying Lr9 from Transfer in the genetic 450 

background of the susceptible wheat line Thatcher. ThatcherLr9 and TA5605 were crossed with leaf rust 451 

susceptible wheat cultivar Avocet S to develop segregating F2 populations for Lr9 (136 F2 plants) and Lr58 452 

(128 F2 plants), respectively. A F2 populations derived from a cross between ThatcherLr9 and TA5605 453 

(133 F2 plants) was also generated. 454 

 455 

Leaf rust inoculations 456 

Puccinia triticina isolates B9414, 93012, 94015, 95012, 96007, and 96237 were propagated on seedlings 457 

of the susceptible wheat cultivar Thatcher. Freshly harvested urediniospores were used for inoculation 458 

experiments. Inoculations were performed using a high-pressure air sprayer or a settling tower. For the 459 

spray inoculation, urediniospores were suspended in FC-43 oil (3M Fluorinert FC-43) and sprayed onto 460 

plants using a glass sprayer connected to a high-pressure air pipe. For the settling tower inoculation, plants 461 

were grown for 12 days. Then, the second leaf was removed and the first leaf was pinned to the soil with 462 

the adaxial side facing upwards. A mixture of 10 mg urediniospores and 300 mg lycopodium powder 463 

(Sigma-Aldrich, 19108) was blown over the plants in a settling tower48. Inoculated plants were placed in 464 

an inoculation box equipped with a humidifier overnight and transferred to a walk-in Conviron growth 465 

room (16/8 hours day/night, 18/16°C). Symptoms were evaluated 12 days after inoculation. Infected leaves 466 

were scanned using an Epson Perfection V600 Photo scanner. 467 

 468 

EMS mutagenesis and mutant screening 469 
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Grains of wheat lines ThatcherLr9 and TA5605 were evenly divided and soaked in two one-liter flasks with 470 

200 ml water at 4°C for 16 h. Grains were washed three times in distilled water. Then, 200 ml of 0.45% 471 

and 0.55% EMS solutions (Sigma-Aldrich, M0880) were added and grains were incubated on a shaker at 472 

80 rpm at room temperature for 16 hours. Next, grains were washed three times for 45 minutes each, and 473 

then transferred into mesh bags and put under running tap water for 30 minutes. After the washing, grains 474 

were put into 55×28 cm black plastic trays with blotting paper at the bottom, which were later covered with 475 

plastic lids and kept at 4°C for 36 hours. The treated grains were planted into 18-well trays filled with 476 

Stender soil, 12 to 14 grains per well. Plants were grown in a greenhouse under speed-breeding conditions 477 

(22/2 hours day/night, 21/18°C)49. We performed  three EMS experiments for TA5605 (with around 2,000, 478 

4,000, and 5,000 grains per experiment), and one for ThatcherLr9 (~2,000 grains). Spikes from the first and 479 

second batches of TA5605 M1 plants were bulk harvested. Single spikes were harvested from the third 480 

batch of TA5605 M1 plants and from ThacherLr9 M1 plants. For the mutant screening, M2 grains from a 481 

single spike were planted in one well of 18-well or 24-well trays and grown in a greenhouse (22/2 hours 482 

day/night, 21/18°C) or growth room (16/8 hours day/night, 20°C) for three to four weeks. Batches of six 483 

trays were spray-inoculated with 30 mg fresh urediniospores of Pt isolate B9414 suspended in 20 ml FC-484 

43 oil, and then kept in an inoculation box overnight. Plants were transferred and grown in a walk-in 485 

Conviron growth room for 10 to 14 days. Susceptible plants were transferred into single pots. In total, 919 486 

and ~7,400 M2 families were screened for ThatcherLr9 and TA5605, respectively. 487 

 488 

Iso-seq library preparation and sequencing  489 

Total RNA from infected ThatcherLr9 and TA5605 seedling leaves (48, 72, 96, and 120 hours post 490 

inoculation with the avirulent Pt isolate B9414) was extracted using the Maxwell RSC Plant RNA Kit. To 491 

prepare the Iso-seq libraries, 300 ng of total RNA was used as input for complementary DNA (cDNA) 492 

synthesis. Each sample was first barcoded (Supplementary Table 6) and then subjected to cDNA 493 

amplification using 12 cycles. Purified cDNAs were pooled in equal molarity and then subjected to library 494 
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preparation using the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, 100-938-900) 495 

following the Iso-Seq protocol. Libraries were prepared for sequencing by annealing primer v4 with the 496 

Sequel II Binding Kit 2.1 and the Internal Control Kit 1.0 (Pacific Biosciences, 101-843-000). Two SMRT 497 

Cells 8M (Pacific Biosciences, 101-389-001), one for ThatcherLr9 and one for TA5605, were sequenced 498 

on the PacBio Sequel II system using the Sequencing Kit 2.0 (Pacific Biosciences, 101-820-200). 499 

 500 

RNA-seq of susceptible mutants 501 

Total RNA from the Pt-inoculated fourth to sixth leaves of ten susceptible ThacherLr9 M2 mutants and ten 502 

TA5605 M3 mutants was extracted using the Maxwell RSC Plant RNA Kit. RNA-seq was performed as a 503 

service at Novogene. In brief, mRNA samples were enriched using oligo(dT) beads, then used to prepare 504 

strand-specific cDNA libraries. Sequencing was done on Illumina Novaseq 6000, which produced an 505 

average of 233.2 and 262.7 million paired-end reads (2×150 bp) for ThacherLr9 and TA5605 mutants, 506 

respectively. 507 

 508 

MutIsoSeq 509 

The principle of MutIsoSeq is to use full-length transcripts produced with PacBio Iso-seq as a reference, 510 

map RNA-seq reads of mutants to the reference, and identify transcripts that carry multiple independent 511 

EMS-type point mutations (Fig. 1c). The workflow of MutIsoSeq is illustrated in Supplementary Figure 1. 512 

The raw data from PacBio Sequel II were processed following the Iso-seq pipeline (v.3.; 513 

https://github.com/PacificBiosciences/IsoSeq) for the generation of CCS reads and full-length, non-514 

concatemer (FLNC) reads. FLNC reads were clustered and merged into ‘clustered.hq.fasta.gz’ files 515 

containing 300,066 and 283,330 high-quality transcripts for ThatcherLr9 and TA5605, respectively. 516 

Transposable elements were masked by Repeatmasker (v4.0.7) (http://www.repeatmasker.org) using the 517 

TREP database50 (v.2019) as external library, which resulted in 6.29% and 6.08 % masked sequences, 518 
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respectively. Then, SeqKit v2.2.051 was used to sort all the transcripts from longest to shortest and the fasta 519 

files generated during this step were used as references. We used BBMap (v.38.96)52 (parameter: 520 

ambiguous=best subfilter=1 trimreaddescriptions=t nodisk) to map the Illumina reads from the susceptible 521 

mutants to the references. To exclude non-specific alignments as much as possible, we used the parameter 522 

'subfilter=1', which removes alignments with more than one substitution. Iso-seq captures different 523 

isoforms originating from the same gene. If a gene had multiple isoforms, Illumina reads would be randomly 524 

assigned to different isoforms by default, which would reduce the average coverage per isoform. We thus 525 

used the parameter 'ambiguous=best', which assigns reads to the first best site. Because transcripts were 526 

ordered by size, this step resulted in the mapping of most reads to the longest isoform of a gene. The 527 

resulting sam files were sorted and indexed by samtools (v1.6)53. We followed the MutChromSeq pipeline 528 

for the remaining steps (https://github.com/steuernb/MutChromSeq)54. Briefly, sorted sam files were 529 

converted to the mpileup format using samtools (v1.6)53. Individual pileup files were subsequently 530 

converted to xml format using Pileup2XML.jar (parameter, -a 0.01 -c 5). Reports were given by 531 

MutChromSeq.jar using the parameters -n 10 -c 10 -a 0.01 -z 2 (Lr9-M13 and TA5605-Spt1 were used with 532 

the parameter “-w” because we did not use the wild-type ThatcherLr9 and TA5605 RNA-seq data) 533 

(Supplementary Fig. 2). For both Lr9 and Lr58, only one candidate transcript was identified that had EMS-534 

type G/C-to-A/T transitions in all 20 sequenced mutants. We performed a BLAST search with the identified 535 

candidate transcript against the high-quality transcripts using TBtools (v1.09873)55, which identified 72 and 536 

61 transcripts for Lr9 and Lr58, respectively (Supplementary Fig. 3a, b). Only transcripts that encoded a 537 

full-length protein spanning all the detected mutants were retained, resulting in 16 transcripts each for Lr9 538 

and Lr58. Twelve and 11 of the retained Lr9 and Lr58 transcripts encoded the same 1,167 amino acid 539 

protein, respectively, and they mainly differed in the length of the 5’ and 3’ untranslated regions 540 

(Supplementary Fig. 3c). The transcripts encoding this protein version accounted for the majority of the 541 

total transcripts (68.15% and 73.26% coverage, which were calculated using the coverage number of 542 

transcripts, representing the number of molecules sequenced in the PacBio SMRT cells) (Supplementary 543 

Fig. 3a, b). We also found four Lr9 transcripts (representing 2.54% coverage) and four Lr58 transcripts 544 
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(2.18% coverage) that encoded full-length proteins lacking 12 to 24 amino acids at the N-terminus, and one 545 

Lr58 transcript (0.41% coverage) encoding a full-length protein with 28 extra amino acids. The transcripts 546 

encoding the 1,167 amino acid protein were considered as the main protein version because of the high 547 

transcript abundance. 548 

 549 

Flow cytometric chromosome analysis, sorting and sequencing of chromosome 2B from TA5605 550 

Suspensions of mitotic metaphase chromosomes were prepared from root tips of bread wheat line TA5605 551 

according to Vrána et al56. The procedure involved cell cycle synchronization in root tip meristems of 552 

hydroponically grown young seedlings and accumulation of dividing cells at metaphase using hydroxyurea 553 

and amiprophos-methyl, respectively. The roots were then fixed mildly by formaldehyde and intact 554 

chromosomes were released into 600 μl ice-cold LB01 buffer57 by mechanical homogenization of 100 root 555 

tips. GAA repeats in chromosomes were labelled by fluorescence in situ hybridization in suspension 556 

(FISHIS) using 5’-FITC-GAA7-FITC-3’ oligonucleotide probes (Sigma, Saint Louis, USA)58 and 557 

chromosomal DNA was stained by DAPI (4´,6-diamidino 2-phenylindole) at 2 µg/ml. Chromosome 558 

analysis and sorting was done using a FACSAria II SORP flow cytometer and sorter (Becton Dickinson 559 

Immunocytometry Systems, San José, USA). Dot plots FITC vs. DAPI fluorescence (bivariate flow 560 

karyotypes) were acquired and chromosome 2B was sorted at rates of 20 to 40 particles per second. Around 561 

42,000 copies of chromosome 2B were sorted into a PCR tube containing 40 μl sterile deionized water. In 562 

order to estimate chromosome composition of flow-sorted fractions 1,500 to 2,000 chromosomes were 563 

sorted into 10 μl drops of PRINS buffer containing 2.5% sucrose59 onto a microscopic slide. Air-dried 564 

chromosomes were labelled by FISH using the probes for the pSc119.2 repeat, Afa family repeat and 45S 565 

rDNA. Chromosome identity and contamination by other chromosomes were determined by microscopic 566 

observation of at least 100 chromosomes following the karyotype59. Chromosome 2B was identified 567 

according to weak telomeric and strong interstitial pSc119.2 signals observed on the short and long arms, 568 

respectively (Supplementary Fig. 4). The purity in the sorted chromosome 2B was 94.7%. Chromosome 569 
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fractions were treated with proteinase K and DNA purified. Twenty nanograms (ng) of DNA was 570 

fragmented in 20 μl solution using Bioruptor Plus (Diagenode, Denville, USA) five times for 30 s at HIGH 571 

setting. Sequencing libraries were prepared using the NEBNext Ultra™ II DNA Library Prep Kit. DNA 572 

libraries were sequenced on Illumina NovaSeq6000, which produced about 82 Gb 2×150 bp paired-end 573 

reads for TA5605 that were de novo assembled using Meraculous (v2.2.6)60 using default parameters, 574 

resulting in a total assembly size of ~727 Mb (101,896 contigs with N50 of 11.6 kb). 575 

 576 

Sanger sequencing of EMS mutants 577 

We performed a BLAST search with the WTK6-vWA CDS against the genome sequence of bread wheat 578 

cultivars31,33 and found full-length matches on chromosome arms 2AL and 2BL of wheat cultivars 579 

ArinaLrFor and Fielder. The corresponding genomic sequences were downloaded and aligned to WTK6-580 

vWA full-length transcript/46588 of ThatcherLr9 using Geneious Prime (Version 2020.2.4). Primers were 581 

designed from the UTRs and the CDS of WTK6-vWA and intron sequence of ArinaLrFor and Fielder 582 

(Supplementary Table 7). PCR amplifications were done in 20 μl reactions containing 1× GoTaq Green 583 

Master Mix (Promega, M7122), ∼100 ng genomic DNA, and 100 nM primers. Primer pairs K1-F/K1-R, 584 

K2-F2/K2-R1, and vWA-F2/vWA-R1 were used to amplify 1,949-bp, 2,313-bp, and 1,050-bp fragments 585 

from the DNA samples of mutants. Amplicons were Sanger-sequenced using primers K1-F/K1-MR/K1-R, 586 

K2-F2/K2-MF1/K2-MR/K2-R1, and vWA-F2/vWA-R1, respectively. For the mutants from the last batch 587 

of mutant screening (TA5605-Spt124 to Spt186), primer pair K1-F/K1-R was used to amplify the 1,949-588 

bp fragment, and nested PCR61 primer pairs K2-F1/vWA-R1 (for first round PCR) and K2-F2/vWA-R2 589 

(for second round PCR) were used to amplify a second 3,740-bp fragment from the mutants, which were 590 

subsequently Sanger-sequenced using primers K1-exon1-R/K1-MF1/K1-MF2/K1R and K2-F2/K2-F3/K2-591 

F4/K2-R1/vWA-F1/vWA-R2. Sanger sequencing files were aligned to the WTK6-vWA CDS and genomic 592 

sequence to find polymorphisms using Geneious Prime (Version 2020.2.4). Primer sequences are provided 593 

in Supplementary Table 7. 594 
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 595 

Virus-induced gene silencing 596 

To develop specific virus-induced gene silencing (VIGS) probes, we first performed a BLAST search with 597 

the WTK6-vWA CDS against various wheat genomes31. WTK6-vWA sequence stretches with little homology 598 

in the wheat assemblies were selected as targets (Fig. 1d). Primers for the two targets and the phytoene 599 

desaturase gene (PDS)62 were used to amplify a 223-bp (VIGS1), 226-bp (VIGS2), and 400-bp (PDS) 600 

fragment from the TA5605 cDNA, respectively (Supplementary Table 7). Fragments were cloned into the 601 

BSMV-γ (BSMV, barley stripe mosaic virus) vector62, resulting in constructs BSMV-γVIGS1, BMSV-602 

γVIGS2 and BMSV-γPDS. These constructs together with BSMV-γ (empty vector), BSMV-γGFP34, 603 

BSMV-α and BSMV-β were transformed into Agrobacterium tumefaciens strain GV3101. Agrobacteria 604 

were cultured overnight at 28°C in lysogeny broth with appropriate antibiotics. Cells were collected by 605 

centrifugation, then re-suspended and adjusted to OD600 = 0.7. Equal volumes of BSMV-α and BSMV-β 606 

were mixed with BSMV-γVIGS1, BSMV-γVIGS2, BSMV-γGFP, BSMV-γ, and BSMV-γPDS, 607 

respectively. After 3 h incubation at 28°C, cultures were infiltrated into Nicotiana benthamiana leaves. 608 

Infiltrated leaves were harvested 5 days after infiltration and homogenized with PBS buffer (Gibco, 609 

10010023) containing 1% celite. The buffer containing viral particles was rub inoculated on seedlings of 610 

ThatcherLr9 and TA5605 at two-leaf stage. After two weeks, when viral symptom were clearly visible, 611 

plants were spray-inoculated with P. triticina isolate B9414 as described above. Disease symptoms were 612 

evaluated and recorded 12 days after inoculation. 613 

 614 

Protein structure prediction 615 

To predict the 3D structure of WTK6-vWA, we utilized the open source code of AlphaFold v2.063. The 616 

input was the amino-acid sequence of WTK6-vWA. The output consisted of five PDB format text files 617 

containing the predicted structure exactly as predicted by the model (“unrelaxed models”), which were later 618 
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refined by an Amber relaxation procedure (“relaxed models”) to provide the relaxed predicted structure 619 

reordering by model confidence based on the Local Distance Difference test (lDDT) score (“ranked 620 

models”). We used one of the ranked models with a reported lDDT score of 0.7507 of very good accuracy 621 

(lDDT >0.6 being considered as reasonable models and lDDT >0.8 as great models, accuracy-wise). The 622 

positions of 67 non-redundant amino acid substitutions were visualized as spheres using PyMOL (v.2.3.0). 623 

Substituted residues that did not exhibit any visual surface on the 3D structure model were characterized as 624 

internal residues. 625 

 626 

Cytogenetic analysis 627 

The procedures for mitotic chromosomes preparation, FISH and GISH were adapted from Koo et al64,65. A 628 

3,740-bp fragment was amplified from ThacherLr9, TA5605 and TA10438 using nested PCR61 primer pairs 629 

K2-F1/vWA-R1 (for first round PCR) and K2-F2/vWA-R2 (for second round PCR) and Phusion High-630 

Fidelity DNA Polymerase (New England Biolabs, M0530), which was subsequently Sanger-sequenced 631 

using primers K2-F2/K2-MR/K2-MF2/K2-R2/K2R1/LastIntron-F/vWA-F3/vWA-R2. The 3,740-bp 632 

fragment from ThacherLr9 was cloned into pJET1.2/blunt (Thermo Fisher, K1231), and used in FISH as a 633 

probe. Probe DNA was labeled with either digoxigenin-11-dUTP or biotin-16-dUTP following the 634 

manufacturer’s instructions (Roche, CA). Unlabeled total genomic wheat DNA was used as blocker in 635 

GISH experiments. After post-hybridization washes, the probe hybridization signals were detected with 636 

Alexafluor 488 streptavidin (Invitrogen, MA) for biotin-labeled probes, and rhodamine-conjugated anti-637 

digoxigenin (Roche) for dig-labeled probes. Images were captured using a Zeiss Axioplan 2 microscope 638 

(Carl Zeiss Microscopy LLC, Thornwood, NY) mounted with a cooled CCD camera CoolSNAP HQ2 639 

(Photometrics, Tucson, AZ) and operated with AxioVision 4.8 software. The final contrast of the images 640 

were processed using Adobe Photoshop CS5. Primer sequences are provided in Supplementary Table 7. 641 

 642 



28 

 

Identification of WTK6-vWA homologs 643 

WTK6-vWA homologous genes were retrieved by BLAST search against whole-genome assemblies of 12 644 

bread wheat cultivars, durum wheat, wild emmer wheat, and six Aegilops species at WheatOmics 1.0 645 

(http://202.194.139.32/blast/blast.html)31-38,66. Corresponding sequences were downloaded. Non-annotated 646 

sequences were manually annotated by MUSCLE alignment in Geneious Prime (Version 2020.2.4). 647 

Translated protein sequences were used as input in the ‘NCBI Conserved Domain Search’ 648 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) for protein domain annotation. 649 

 650 

KASP assay 651 

A 5 μl reaction containing 2.5 μl of KASP Master Mix (Low ROX KBS-1016-016), 0.07 μl of assay mix 652 

(KASP-Lr9-F/KASP-TA10438-F/KASP-R; Supplementary Table 7) and 2.5 μl (50 ng) of DNA was used 653 

for the Lr9 KASP assay. PCR cycling was performed using an ABI QuantStudio 6 Flex Real-Time PCR 654 

machine as follows: pre-read at 30°C for 60 s; hold stage at 94°C for 15 min, followed by ten touchdown 655 

cycles (94°C for 20 s; touchdown at 61°C, decreasing by 0.6°C per cycle for 60 s), followed by 29 additional 656 

cycles (94°C for 20 s; 55°C for 60 s). Plates were read at 30°C for endpoint fluorescent measurement. 657 

 658 

HiFi library preparation, sequencing and assembly of ThatcherLr9 and TA1851 659 

High molecular weight (HMW) DNA was extracted from young seedlings of ThatcherLr9 and TA1851 660 

using a modified Qiagen Genomic DNA extraction protocol 661 

(https://dx.doi.org/10.17504/protocols.io.bafmibk6)67. DNA was sheared to the appropriate size range (15–662 

20 kb) using Megaruptor 3 (Diagenode, Denville, USA) for the construction of PacBio HiFi sequencing 663 

libraries. Library preparation was done with the Express Template prep kit 2.0 (100-938-900 + Enzyme 664 

Clean up 2.0 (101-932-600)), and size selected with a PippinHT System (Sage Science HTP0001). Final 665 
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SMRTbell QC were assessed with Qubit dsDNA High Sensitivity (ThermoFisher Scientific Q33230) and 666 

FEMTO Pulse (Agilent Technologies, Inc. P-0003-0817). Sequencing was performed on PacBio Sequel 667 

II/IIe systems in CCS mode. The 169.0 Gb of ThatcherLr9 PacBio HiFi reads and 130.9 Gb of TA1851 668 

PacBio HiFi reads were assembled using hifiasm (v.0.16.1)68 with default parameters. The genome 669 

assemblies were evaluated using QUAST 5.0.269 and BBMap (v.38.96)52. 670 

 671 

Re-sequencing of TA5605, Thatcher and TA10438 672 

Genomic DNA was extracted from leaf samples of bread wheat accessions TA5605, Thatcher and Ae. 673 

triuncialis accession TA10438 using a CTAB DNA extraction method. Library preparation and sequencing 674 

were done as a service by Novogene. In brief, sequencing libraries were generated using the NEBNext® 675 

Ultra II DNA Library Prep Kit and sequenced on an Illumina NovaSeq 6000 system. Illumina sequencing 676 

resulted in about 564.3 Gb, 542.5 Gb and 561.8 Gb of 2×150 bp paired-end reads for TA5605, Thatcher 677 

and TA10438, respectively, corresponding to about 36-fold, 35-fold, and 53-fold genome coverage for 678 

TA5605, Thatcher and TA10438, respectively. 679 

 680 

Assembly of the Lr9 translocation 681 

To calculate the average nucleotide identity between contigs TcLr9ptg001727l (TatcherLr9 contig carrying 682 

Lr9) and TA1851ptg000193l (TA1851 contig carrying Lr9), we aligned them using Minimap2 (v.2.21) 683 

(parameter: '-ax asm5')70. InDels and single nucleotide polymorphisms were manually evaluated in non-684 

overlapping sliding windows of 10 kb along the two contig. The assemblies of ThatcherLr9 and TA1851 685 

were merged and used as a reference for the Illumina read mapping of TA5605, Thatcher, and TA10438. 686 

Illumina reads of TA5605, Thatcher, and TA10438 were aligned against the combined PacBio assembly 687 

using BBMap (v.38.96) (parameter: ambiguous=random trimreaddescriptions=t pairedonly=t 688 

perfectmode=t nodisk). From the output sam file, the read coverage for the contig TcLr9ptg001727l has 689 
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been calculated in non-overlapping sliding windows of 50 kb using bedtools (v2.30.0)71 and mosdepth (v. 690 

0.3.3)72. The heatmap representing the read coverage was generated with TBtools (v1.09873)55. We used a 691 

k-mer-based approach to reconstruct the Lr9 translocation. Briefly, we counted the canonical 51-mers from 692 

the 130.9 Gb TA1851 raw HiFi reads using Jellyfish (v. 2.2.10)73, then filtered the 51-mers with at least 693 

four occurrences. The dump file containing the 51-mers was converted into fasta format using AWK, which 694 

generated 2,726,203,170 k-mers. Then, the 51-mers were mapped against the ThatcherLr9 assembly using 695 

BWA mem (v.0.7.17) allowing only perfect matches (parameter: -k 51 -T 51), generating a bam file of k-696 

mer mapping, which was imported to Geneious Prime (Version 2022.1.1) and sorted by mean coverage 697 

from highest to lowest (Supplementary Table 4). Thirteen contigs with average mapping coverage above 698 

20 were considered as originating from Ae. umbellulata (Supplementary Table 4). We performed a BLAST 699 

search using non-repetitive sequences of 13 ThatcherLr9 contigs against the TA1851 assembly and 700 

identified five corresponding contigs in the Ae. umbellulata genome. To validate, order and orient the five 701 

selected TA1851 contigs, we anchored 3,009 markers (SNP tags) of the Ae. umbellulata linkage map41 to 702 

the TA1851 assembly using BBMap (v.38.96) (parameter: ambiguous=random trimreaddescriptions=t 703 

subfilter=1 nodisk)52 (Fig. 3d, Supplementary Table 5). k-mer mapping revealed an introgression breakpoint 704 

in contig TcLr9ptg002383l. To further investigate the breakpoint, we extracted 10 kb sequences upstream 705 

and downstream of the breakpoint from TA1851ptg000319l, TcLr9ptg002383l, and the long arm of CS 706 

chromosome 6B. Dot plot graphs were generated for 20 kb sequences from TA1851 and CS against 707 

ThatcherLr9 using Geneious Prime (Version 2020.2.4), which revealed the same breakpoint as with k-mer 708 

mapping (Extended Data Fig. 10). We amplified the PCR markers SCS5550
23 and Xncw-Lr58-124 from 709 

ThatcherLr9 and TA5605 and sequenced the PCR products using Sanger sequencing. Both markers showed 710 

the same sequence from ThatcherLr9 and TA5605, and they were anchored to contigs TcLr9ptg001727l 711 

and TA1851ptg000193l, respectively. The Lr58 linked markers BCD410, KSUD23, KUSF11, BG123 and 712 

Xcfd503 were also anchored to the ThatcherLr9 contigs using published probe or SSR sequences (Fig. 3d). 713 

 714 
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Data availability 715 

The genome assemblies of ThatcherLr9 and Aegilops umbellulata accession TA1851, the assembly of 716 

sorted TA5605 chromosome 2B, the clustered Iso-seq transcripts of ThatcherLr9 and TA5605, and the CDS 717 

and genomic sequence of Lr9 are available on the DRYAD database under 718 

https://datadryad.org/stash/share/df5K6GT-Gvtn1nDZ3rA-btyTmzp6aD9U_wj8lNxu5sA. 719 
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