Editors summary
A method for rapid cloning of plant disease-resistance genes could provide sustainable, genetic solutions to crop pests and pathogens in place of agrichemicals. 
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[bookmark: _GoBack]Wild relatives of domesticated crop species harbor multiple, diverse, disease resistance (R) genes that could be used to engineer sustainable disease control. However, breeding R genes into crop lines often requires long breeding timelines of 5–15 years to break linkage between R genes and deleterious alleles (linkage drag). Further, when R genes are bred one at a time into crop lines, the protection that they confer is often overcome within a few seasons by pathogen evolution1. If several cloned R genes were available, it would be possible to pyramid R genes2 in a crop, which might provide more durable resistance1. We describe a three-step method (MutRenSeq)- that combines chemical mutagenesis with exome capture and sequencing for rapid R gene cloning. We applied MutRenSeq to clone stem rust resistance genes Sr22 and Sr45 from hexaploid bread wheat. MutRenSeq can be applied to other commercially relevant crops and their relatives, including, for example, pea, bean, barley, oat, rye, rice and maize.

Plant diseases can devastate crop yields and pose a threat to global food security. R genes offer an economical and environmentally respon- sible solution to control plant disease, and cloning of these genes would enable durable R gene deployment strategies. Many R genes are present in gene families, with members in close physical proximity, such that dissection of the locus by recombination is not practical. Functional dissection based on recombination is further confounded by the extreme sequence diversity and R gene copy number variation often present between different haplotypes3,4. In addition, many plant genomes carry large chromosomal regions that impair positional cloning due to suppressed recombination5. Therefore, complemen- tary approaches that are not reliant on positional cloning are required. Most R genes encode proteins with nucleotide binding and leucine- rich repeats (NLRs)2. A typical plant genome contains hundreds of NLR-encoding genes, many of which reside in complex clusters of linked paralogs6. R gene enrichment sequencing (RenSeq) of this specific gene class involves capturing fragments from a genomic or cDNA library using biotinylated RNA oligonucleotides designed to be complementary to the NLR-encoding genes of a reference genome7,8. RenSeq was used to identify trait-linked single-nucleotide polymor- phisms in NLRs in a potato population that was segregating for disease resistance7. However, extensive sequence diversity among parental R gene families prevented the identification of the individual R genes responsible for resistance.

To identify R genes that mediate resistance, we instead used RenSeq to compare the R gene complement of ethyl methane sulfonate (EMS)- derived, loss-of-resistance mutants with wild-type progenitors. This modified version of RenSeq, dubbed “MutRenSeq,” enabled the rapid identification of genes responsible for resistance without any posi- tional fine mapping (Fig. 1). Obtaining loss-of-function mutants is straightforward since R gene suppressor screens typically recover mutations in the R gene (~90% of mutants) rather than second-site suppressors (Supplementary Table 1). In this report, we isolate two wheat stem rust resistance genes, Sr22 and Sr45, that mediate resistance to the stem rust pathogen Puccinia graminis f. sp    tritici. MutRenSeq will enable the rapid isolation of functional R genes from plant species amenable to mutational genomics and is particu- larly applicable to organisms with large genomes for which whole genome sequencing of multiple individuals is neither straightforward nor cost-effective9.
First, we tested MutRenSeq using genomic DNA from six EMS- derived bread wheat plants containing mutations (four point mutants and two deletions) in the previously cloned wheat stem rust resist- ance gene, Sr33 (ref. 10; Supplementary Table 2). We designed a cereal NLR bait library containing 60,000 120-mer RNA probes (Supplementary Data) with 95% identity to predicted NLR genes present in the Triticeae species barley (Hordeum vulgare), hexaploid bread wheat (Triticum aestivum), tetraploid pasta wheat (T. durum), red wild einkorn (T. urartu), domesticated einkorn (T. monococcum), and three goatgrass species (Aegilops tauschii, Ae. sharonensis, and Ae.  speltoides). We prepared barcoded short insert (500–700 bp) libraries from genomic DNA of the Sr33 wild type and each of the six mutants and performed NLR capture. Quantitative PCR on the enriched libraries indicated a 500- to 1,000-fold increase in NLRs rela- tive to other genes. We pooled the enriched libraries and sequenced them using Illumina short-read sequencing-by-synthesis technology (Supplementary Table 3; EBI study number PRJEB10070) and per- formed a de novo assembly of the Sr33 wild-type sequence obtained from 2.9 Gb of 250-bp paired-end sequence data. This resulted in 8,235 genomic contigs (14.5 Mb) associated with NLR–containing regions (Supplementary Table 4). We identified three contigs that spanned 98% of the coding region of Sr33 (Supplementary Fig. 1). We next compared the reads from different mutants to the wild-type assembly and searched for NLR–associated contigs containing muta- tions (single-nucleotide variants (SNVs) or deletions). The number of NLR mutations ranged from 39 to 142 per mutant (Supplementary Table 5). Thirty-one NLR contigs (different from Sr33) were iden- tified, which carried independent mutations in two  mutant  lines, two contigs carried mutations in three lines, whereas two contigs contained mutations in four lines (Supplementary Table 6). These latter two contigs were both from the Sr33 gene and identified the previously characterized Sr33 point mutations and deletion mutations (which spanned both contigs), verifying the efficacy of this method to identify causative mutations in a single R gene in hexaploid wheat.
We next used MutRenSeq to clone the stem rust resistance gene Sr22, which was introgressed into wheat chromosome 7A from the diploid A-genome relatives (T. boeoticum and T. monococcum)11,12. In cultivar Schomburgk, Sr22 confers resistance to commercially important races of the stem rust pathogen, including the Ug99 race group, which threatens wheat production in Africa. Sr22 is one of  the few R genes that is effective against Yemeni and Ethiopian stem- rust isolates13 (Fig. 2a and Supplementary Table 7). However, deployment of Sr22 has been hampered owing to poor agronomic performance associated with the Sr22-introgression conferred by linked gene alleles14 (linkage drag). Further, efforts to clone Sr22 in wheat with standard map-based approaches were unsuccessful owing to suppressed recombination in the Sr22 region  (Supplementary Fig. 2). We carried out an Sr22 EMS suppressor screen using Schomburgk seeds and identified six independent susceptible mutants from 1,300 M2 families (Fig. 2a). We sequenced the genomic NLR complement of Schomburgk (wild-type Sr22) and the six mutants using Illumina short-read sequencing (Supplementary Table 3; EBI study number PRJEB10099), and compared the mutant NLR complements to wild type. The number of mutations ranged from 44 to 84, and we identified 23 contigs that were mutated in two mutants, three contigs that were mutated in three mutants, and a single 3,408-bp contig, that contained independent mutations in five of the six mutants (Fig. 2b and Supplementary Table 8). This contig had homology (detected using BLAST) with the C-terminal region of an Ae. tauschii NLR homolog. We used the 5 end of the Ae. tauschii NLR to search the Sr22 wild-type assembly and identified a contig that carried an EMS- induced mutation in the N-terminal region of the same gene in the remaining mutant (Fig. 2b). We were able to physically join the two contigs using PCR of genomic and cDNA templates to obtain the full- length sequence of the predicted open reading frame of Sr22 (Fig. 2b and Supplementary Fig. 3a). We also confirmed the presence of mutations by PCR and Sanger sequencing of each mutant DNA (NCBI study number SRP070803). All six mutations are GC to AT transitions that cause nonsense (two) or missense (four) mutations (Fig. 2b). To further verify Sr22 cloning, we used the sequence to generate a PCR molecular marker, which co-segregated with Sr22 in 2,300 gametes (Supplementary Fig. 2). Finally, we screened by PCR and sequencing accessions of T. boeoticum and its domesticated form T. monococcum, which have been postulated to carry Sr22 (ref. 15), for alleles of Sr22, and obtained highly homologous sequences (>96% in coding region) Supplementary Figs. 4–6). In a T. monococcum mapping population, the Sr22 homolog co-segregated with stem-rust resistance in 2,300 gametes and mapped to the orthologous location defined in the hexa- ploid wheat Schomburgk (Supplementary Figs. 2 and 7).
The 250-bp paired-end sequencing reads were unable to bridge a gap created by a 2,920-bp intron located between exon 1 and 2 of Sr22 (Fig. 2b). The presence of large introns in many R genes presents a limitation in our pipeline in cases where few mutants are available  or where the mutations are on either side of an intron, or when no sequenced homologs are available that can be used to define contigs belonging to the same gene. However, this limitation could be over- come if the resistant parent is sequenced using a long-read sequencing technology such as PacBio16.
Instead of using long-read sequencing, we sequenced the Schomburgk (Sr22) leaf transcriptome and used the cDNA-derived reads to join contigs. Anchoring the transcriptome reads to the Sr22 3 contig enabled the identification of two candidate 5 con-  tigs (Supplementary Fig. 8). Only one of these 5 contigs matched the mutated sequence present in the mutant line described above   and this contig was nearly identical to the Ae. tauschii Sr22 homolog. Therefore, transcriptome sequencing allowed us to identify the entire coding sequence of Sr22 without relying on the existence of a close homolog in a public database. We aligned the leaf transcriptome reads, as well as 5 and 3 RACE products, to the genomic sequence to determine the Sr22 exon structure (Supplementary Fig. 3). The gene has four exons and three introns and spans 5,918 bp from the translation initiation to termination codons with a coding sequence of 2,826 bp and 5 and 3 UTRs of 75 bp and 335 bp (Fig. 2b).    The predicted protein of 941 amino acids contains domains with homology to a coiled coil, a nucleotide binding site, and leucine-rich repeats (Fig. 2b and Supplementary Fig. 9).
To obtain the promoter region of Sr22, we used a modified RenSeq approach, (local RenSeq). This approach uses in vitro-transcribed biotinylated RNA probes (>500 nt) targeting the 5 and 3 ends of assembled contigs to enrich for long (>2 kb) fragments from genomic DNA libraries. Using this approach we cloned 2.5 kb of the promoter region (Fig. 2b). In addition, we cloned 1.6 kb of terminator region using genome walking (Fig. 2b). We confirmed the physical con- tinuity of these upstream and downstream sequences with Sr22 by (i) sequencing long-range PCR amplicons derived from mutant templates and recovering the diagnostic SNVs, and (ii) by obtain- ing an error-free, full-length, high-fidelity PCR-derived clone of Sr22 (Supplementary Fig. 3a). In total, we cloned 8,957 bp of contiguous sequence spanning Sr22 without needing to use a large-insert genomic BAC or fosmid library. We transformed the stem-rust susceptible cultivar Fielder with the Sr22 clone and obtained six independent transgenic lines. We grew the transgenic Fielder lines in an automated growth cabinet and inoculated the transgenic plants at the third-leaf developmental stage with an Australian stem rust race (#98-1,2,3,5,6) which is prevalent in wheat fields in Australia and virulent on Fielder. All the transgenic lines were resistant to wheat stem rust with an infection phenotype similar to that of Schomburgk Sr22 (Fig. 3). These data provide further evidence that we have cloned a functional, single Sr22 gene. Next, we used MutRenSeq to clone the stem-rust resistance gene Sr45. This gene was introgressed into wheat chromosome 1D from the D-genome progenitor Ae. tauschii14. It confers resistance to stem-rust pathogen races from Africa, India, and Australia, but virulence has been reported in Canada17–19. We performed an Sr45 EMS sup- pressor screen and identified six susceptible mutants (Fig. 2c). Comparison of the RenSeq profiles (EBI study number PRJEB10112) of these mutants with the wild-type parent CS1D5406 (ref. 17) (car- rying Sr45) revealed 28 contigs with two mutations in independent mutants, two contigs with three mutations in independent mutants, and a single 5,266-bp contig with independent point mutations in all six mutants comprising four nonsense and two missense mutations (Fig. 2d and Supplementary Table 9). We developed a PCR molecu- lar marker from this contig and showed that it co-segregates with stem-rust resistance in a high-resolution mapping population (2,300 gametes; Supplementary Fig. 2b). Based on motif analysis20 and cDNA sequencing we predict that the Sr45 candidate contig encodes a CC-NLR protein of 1,230 amino acids. The gene spans 5,822 bp and includes a 226-bp 5 UTR, 3,693 bp of coding sequence, two introns of 395 and 113 bp, and a 590-bp 3 UTR (Fig. 2d). Additionally, 1,508 bp of Sr45 downstream sequence that includes the entire 3 UTR (identi- fied through 3 RACE) were identified through genome walking. We confirmed the physical juxtaposition of these sequences by long-range PCR and sequencing (Supplementary Fig. 3b). Based on the number of NLR contigs and the observed mutation rates in these contigs in the Sr45 mutant lines (Supplementary Tables 4 and 5), we calculated that the probability of finding the same NLR contig mutated in all six Sr45 mutants by chance was 1 in 148,559 (Supplementary Table 10). We cannot sensu stricto rule out the possibility that another linked gene, which we did not identify in our analysis, is actually Sr45.
R genes are often present in clusters of related paralogs6. Using BLAST sequence searches we estimated the number of homologs   of  Sr22  and  Sr45  in  Schomburgk  and  CS1D5406, respectively. Sr22 belongs to a small gene family with three homologs, whereas Sr45 belongs to a larger family with 8–12 homologs (Supplementary Fig. 10). Therefore, MutRenSeq can identify genes belonging to multigene families.
Together with Sr33, Sr35, and Sr50, Sr22 and Sr45 are two of-five major dominant Sr genes cloned so far in wheat10,21. All five genes con- fer resistance to the Ug99 race group of P. graminis f. sp. tritici, whereas Sr22, Sr33, and Sr50 confer broad-spectrum resistance to multiple pathogen races. Approximately 60 Sr genes have been genetically iden- tified in wheat, several of which also provide broad-spectrum resist- ance at all plant developmental stages, for example, Sr26, Sr32, Sr39, Sr40, and Sr47. MutRenSeq could be used to clone these genes rapidly. Pyramiding cloned Sr genes at a single transgene locus is predicted by modelling to enhance the durability of resistance1. The physical co-location of genes at the same transgene locus would ensure co-seg- regation, enabling facile tracking in breeding programs and avoiding single genes again being deployed against the pathogen.
In conclusion, we report the use of mutational genomics (MutRenSeq) for cloning two Sr genes from the large (17 × 109 bp), hexaploid wheat genome. MutRenSeq is fast (<24 months), cheap, independent of fine mapping, and the generation of a physical contig across the map interval, and easily scalable, allowing the rescue of R genes from wheat-alien introgressions that are not currently being used in agriculture owing to linkage drag. This approach can be applied to most crops or their wild relatives, and will allow the clon- ing of R genes that could be used in multi-R gene pyramids, a strategy that promises more durable disease resistance in crops.
Methods
Methods and any associated references are available in the online version of the paper.
Accession codes. Sr22 and Sr45 loci are accessible through EBI: LN883743 and LN883757. Short read raw data are available from EBI, study numbers: PRJEB10070 (Sr33), PRJEB10099    (Sr22), and PRJEB10112 (Sr45). Sr22 alleles are accessible through EBI: LN883744–LN883756. Reads from resequencing of causal mutations in mutant lines are available from NCBI: SRP070803. The programs and scripts used in this analysis are available as Supplementary Code and have been published on Github (https://github.com/steuernb/ MutantHunter/). The bait library is available as Supplementary Data (https://github.com/steuernb/MutantHunter/). All primer sequences are available in Supplementary Table 11 and infection type scores are available in Supplementary Table 12.

Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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Figure  Legends
Figure 1. Mutational genomics strategy for resistance gene cloning.
Step 1 (green): EMS mutagenesis of resistant plant, creation of independent M2 families and screening for susceptible mutants (highlighted in yellow).
Step 2 (red): Target enrichment using a Triticeae NLR–specific bait library and sequencing of the wildtype and susceptible mutants (indicated by arrows).
Step 3 (blue): Data analysis and candidate calling. A de novo assembly of the enriched sequences of the resistant wildtype is used as a reference for mapping. Subsequent SNV- and presence/absence-calls are integrated and scored.  




Figure 2. Cloning of Sr22 and Sr45 by sequencing EMS-induced susceptible mutants.
(a, c) Stem rust infection phenotype of Schomburgk (Sr22), CS1D5406 (Sr45), mutants and the susceptible check Morocco and Chinese Spring.  Seedlings at two full leaf stages were inoculated with stem rust urediniospores as described in Periyannan et al. 201310. Lines showing higher infection types when compared to the parental lines (Schomburgk and CS1D5406) were selected as susceptible mutant lines as shown in (a) and (c). Inactivation of Sr22 and Sr45 resistance in the mutants was confirmed in homozygous M3 and M4 progeny..
(b, d) Schematic diagrams of Sr22 (b) and Sr45 (d) loci showing intron-exon boundaries, protein domain structure (coloured boxes), 5’ and 3’ UTR (white boxes), and location of missense and nonsense (*) mutations. Contigs obtained by RenSeq are shown in grey. The Sr22 and Sr45 contigs were extended by local RenSeq and/or genome walking, and the full-length Sr22 and Sr45 sequences were confirmed by PCR amplification from genomic DNA and sequencing.



Figure 3. Stem rust infection phenotypes of Fielder and transgenic wheat lines carrying the Sr22 gene derived from Schomburgk.
PC103 (1 to 6) represent independent transgenic lines carrying the Sr22 gene construct. These lines all show a typical Sr22 stem rust resistance phenotype when challenged with the avirulent Australian stem rust strain 98-1,2,3,5 and 6.
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