A gene from pigeon pea confers resistance to Asian soybean rust in soybean
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	Asian soybean rust (ASR), caused by the fungus Phakopsora pachyrhizi, is one of the most economically important crop diseases. Currently, no commercial soybean cultivars are fully resistant to P. pachyrhizi, and although resistance loci have been precisely mapped, no causal genes have been cloned. Here we report the cloning of a major P. pachyrhizi resistance gene CcRpp1 (Cajanus cajan Resistance against Phakopsora pachyrhizi 1) from pigeon pea (Cajanus cajan) and demonstrate that CcRpp1 provides full resistance against P. pachyrhizi in soybean. Transfer of resistance genes between legume species significantly enhances relevant functional diversity, expanding the range of valuable resistance traits available for crop improvement.

	Soybean [Glycine max (L.) Merr.] is a major crop, with only corn, rice and wheat ranking higher in terms of total cultivated area (http://faostat.fao.org). Soybeans are an important source of vegetable oil, and in addition, a crucial protein component for animal feed. Asian soybean rust (ASR) is one of the most damaging diseases of soybean, and is caused by the obligate biotrophic fungus Phakopsora pachyrhizi Sydow & P. Sydow1. Yield losses caused by ASR can be as high as 40-80%, and management of the disease is difficult because even low disease incidence can impact yields2-3. The disease is prevalent in Brazil, which is the second largest producer of soybean, contributing 30% of world soybean production. In addition, the pathogen has established itself in Florida which functions as a "green bridge", ensuring the survival of the pathogen in North America4. Currently, no commercially grown soybean cultivars are available that are fully resistant to P. pachyrhizi, and thus routine fungicide application is required to control the disease. Chemical control of ASR in Brazil started in 2002/03 after introduction of the disease in 2001. By 2004 approximately 20 million hectares were sprayed with fungicides, with a mean application of three treatments per hectare5. Other management strategies include a host free period to break the continuous cycle of the fungus and delay the beginning of the epidemics. The total costs incurred by the disease in Brazil, when accounting for direct and indirect losses, are estimated to be around 2 Billion US$ per year2.
	 Given the cost to growers and the environment, genetic resistance against P. pachyrhizi is highly desirable. Eight major sources of resistance have been mapped in soybean [Rpp1 to Rpp6, Rpp1b and Rpp?(Hyuuga)], but none has yet been cloned and only Rpp4 has been characterized in any detail 6-14. In addition, many of the R genes have been introgressed into commercial soybean cultivars separately and, as a result, ASR isolates that can overcome Rpp1 to Rpp6 have evolved and can be readily identified in the field15-16. Screening the available soybean germplasm for additional sources of resistance has not revealed genes that, individually, confer adequate resistance in an agronomic setting. A screen of the USDA soybean germplasm (16,595 accessions) identified no plants with immunity to ASR and only 33 plants with moderate, so called "reddish-brown" (RB) type resistance17. Given the rapid breakdown of Rpp1-6, the concern exists that new ASR resistance genes may be isolate-specific and therefore rapidly overcome in the field. To overcome the issue of limited resistance sources identified in the soybean germplasm, heterologous expression of transgenes from other plant species may increase the resistance to ASR. For example, overexpression of several genes induced in the non-host Arabidopsis led to a slight increase in the level of resistance18. However, the described resistance was quantitative, as might be expected from activating only one out of a plethora of responses activated in Arabidopsis during non-host resistance19. Given the high level of yield impact by the pathogen with low levels of infection, it is unlikely this approach will be able to provide commercially relevant levels of resistance in the near future2-3. Here we report the discovery of an intracellular immune receptor that recognizes and then activates a diverse set of responses to ASR. By intervening at the point of pathogen perception we are able to achieve a level of resistance that could provide commercial control superior to current management strategies that rely heavily on fungicides.	
	Although many rust fungi have a limited host range, P. pachyrhizi is known to infect leaf tissue from diverse leguminous plants in the field (at least 31 species in 17 genera)20. In total, 152 species in other genera have been described to be potential hosts for P. pachyrhizi20-22. Resistant and susceptible accessions exist within many of these species, and we hypothesized that such species may contain valuable sources of resistance genes that would segregate and could be isolated and then transferred to soybean. A close relative of soybean, pigeon pea [Cajanus cajan (L.) Millsp.], is a perennial, diploid, self-pollinating legume with a genome size of ~830 Mbp. We screened 52 accessions of C. cajan that were introduced into Brazil for use in C. cajan breeding programs23. When challenged with P. pachyrhizi, these 52 accessions displayed a range of phenotypes, from immune (where symptoms cannot be macroscopically observed), to susceptibility levels similar to soybean (Fig. 1a). Three segregating populations were established by crossing resistant genotypes G119-99, G59-95 and G146-97 to the susceptible accession G48-95. Resistance derived from G119-99, G59-95, and G146-97 segregated in a 3:1 ratio in the respective F2 populations, suggesting that each carries a single dominant gene for resistance (Supplementary Table 1). To ascertain whether resistance in C. cajan may prove effective against isolates identified in the field, we challenged G119-99 with 77 Brazilian field isolates collected from different geographical locations, two US isolates and a Japanese isolate (Fig. 1b, Supplementary Table 2). Remarkably, no P. pachyrhizi isolates were identified that could overcome the resistance in G119-99. We therefore set out to identify the resistance gene in G119-99 by positional cloning and named the locus CcRpp1 for C. cajan Resistance against Phakopsora pachyrhizi 1. By scoring progeny from 2,282 gametes, we identified an interval <154 kb delineated by the markers dCAPS52491 and SSR2152 (Supplementary Fig. 1, Supplementary Table 3) on C. cajan linkage group 5. Interestingly, this region is syntenic with chromosome 12 and 9 in soybean that contain genes of the NB-LRR (Nucleotide Binding Leucine Rich Repeat) class typically associated with disease resistance24-25. Despite the synteny, these regions in the soybean genome are not currently known to confer resistance phenotypes to ASR6-14. 
	To determine the genomic organization of the CcRpp1 locus in G119-99, a G119-99 BAC library was generated and screened using probes derived from the flanking markers dCAPS140555 and SSR2152. Two positive BAC clones (3F and 6G) were identified that together span the entire interval between dCAPS52491 and SSR2152. DNA sequencing yielded a single contig of 205,344 bp that contains 16 open reading frames including four NB-LRR-encoding gene sequences (Fig. 2a, Supplementary File 1). Southern blot analyses, using the P-loop region present in the four NB-LRR genes as a probe, confirmed that the CcRpp1 locus in G119-99 contains four NB-LRR genes (Supplementary Fig. 2a). Using the markers generated to fine-map the CcRpp1 locus, we interrogated the other resistant lines (G59-95, G146-97) with isolate PPUFV02 (Supplementary Table 3). Interestingly, resistance mapped to the same region in the C. cajan genome suggesting that resistance in G59-95 and G146-97 is conveyed by the CcRpp1 locus. To ascertain the level of variation at the locus we attempted to clone the four NB-LRR genes from all accessions followed by Sanger sequencing (Supplementary Table 3). Interestingly, variation could be observed both in the number of NB-LRR paralogs and their sequences (Fig. 2b-e). Southern blot analysis on G59-95 suggests that the PCR analysis accurately predicts the number of paralogous genes (Supplementary Fig. 2b). Mutations in the LRR region of NB-LRR proteins are known to result in differential recognition specificity; therefore the NB-LRR genes present at the CcRpp1 locus in different accessions may contain non-identical recognition specificities, as has been described in other pathosystems26-27. However, since G119-99 × G48-95 was the most advanced population, and resistance in G119-99 was effective against 77 isolates of P. pachryzhizi, we focused on this population. Using RNAseq data from the resistant accession G119-99, and aligning the reads against the CcRpp1 locus of 205,344 bp, only NB-LRR-2 had reads aligning against the predicted full-length gene sequence (Supplementary Fig. 3). These data suggest that NB-LRR-2 is the only gene with basal expression in this accession. To test whether transfer of the four NB-LRR genes present in the CcRpp1 interval into soybean would result in ASR resistance, we designed plant transformation constructs that contained the individual NB-LRR genes (1-4) driven by the G. max SUBI-1 (polyubiquitin, Glyma10G39780) promoter. The resulting constructs were introduced into soybean via biolistic transformation. When challenged with P. pachyrhizi (isolates G05 and MS08), no differential phenotypes were observed for NB-LRR-1, NB-LRR-3 and NB-LRR-4, although expression of all NB-LRR genes was confirmed by qRT-PCR (data not shown). However, no sporulation was observed on leaves from three plants representing two independent events (Soy 3194.5.1 and Soy 3194.7.1) that were recovered and confirmed by qRT-PCR to contain the NB-LRR-2 gene. 
	Since NB-LRR-2 confers resistance against P. pachyrhizi in events Soy3194.5.1 and Soy3194.7.1, it was renamed CcRpp1. The CcRpp1 gene product has a typical NB-LRR structure with an N-terminal Coiled Coil (CC) domain26. To further characterize the resistance we advanced the Soy3194.5.1 (CcRpp1.5.1) and Soy3194.7.1 (CcRpp1.7.1) events to the T1 stage and compared ASR phenotypes to non-transgenic plants segregating from the same event (null plants). Most samples from plants lacking the transgene were scored 15 days after inoculation, while plants hemizygous and homozygous for the transgene were scored 29 days after inoculation. CcRpp1 homozygous lines displayed high levels of resistance, with no visible lesions. When averaged across all of the homozygous plants, presence of the transgene correlated with >99% reduction in lesion counts per unit leaf area. Hemizygous plants displayed RB type resistance and showed 60-71% reduction in lesion count per cm2. Null plants presented tan lesions and displayed high sporulation, typical of a susceptible reaction to the pathogen (Figs. 3a & b, Supplementary Table 4). To determine whether the partial resistance in hemizygous plants is correlated with differences in expression level, we quantified CcRpp1 expression in null plants and plants hemizygous and homozygous for the transgene by qRT-PCR (Fig. 3c, Supplementary Table 5). Elevated transgene expression was seen in the homozygous plants compared to the hemizygotes, suggesting that expression level influences efficacy of CcRpp1. 
	To exclude that the P. pachyrhizi disease resistance is caused by auto-activity of CcRpp1, we tested plants homozygous for the transgene against Fusarium virguliforme, a filamentous fungal plant pathogen that causes sudden death syndrome (SDS) in soybean. We did not observe elevated resistance against this pathogen when we compared plants homozygous for the transgene with null segregants, indicating that the response observed against P. pachyrhizi is specific (Supplementary Fig. 4). In addition, preliminary agronomic data indicates there is no adverse affect of CcRpp1 expression on plant development, a phenotype often associated with auto activity of plant immune receptors28 (Supplementary Figs. 5a & b). Finally, we did not observe segregation distortion in germination rate when multiplying hemizygous plants originating from the CcRpp1.7.1 event (Supplementary Fig. 5c, Supplementary table 6).
	In conclusion, we identified a gene from C. cajan that confers resistance against P. pachyrhizi when heterologously expressed in soybean. Previous work has demonstrated the rarity of genes that provide full immunity in soybean against P. pachyrhizi16. Resistance genes that provide full immunity against ASR are thus a valuable resource. Although currently we have not been able to identify P. pachyrhizi isolates that can overcome CcRpp1, P. pachyrhizi has demonstrated it can rapidly overcome resistance genes that are individually deployed. With 30 million hectares of soybean under cultivation in Brazil, it will therefore be prudent to deploy CcRpp1 with others genes with different specificity or different mechanism of ASR resistance, to increase the durability of these resources29. ASR resistance genes from the soybean germplasm appear to be limited. Thus, the significance of this work is the demonstration that it is possible to effectively transfer a dominant resistance gene from another legume into soybean. The Fabaceae (Leguminosae) is a large and diverse plant family, with around 700 genera and 20,000 species30. Our results suggest this tremendous natural resource can be used to identify additional resistance genes against ASR that are absent from the soybean gene pool. These legume resistance genes can potentially be used to develop durable and environmentally sustainable ASR control strategies.
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Figure 1. Cajanus cajan accessions display different reactions to Phakopsora pachyrhizi field isolates from Brazil. (a) Differential responses observed in different C. cajan accessions against P. pachyrhizi isolate PPUFV02. The reactions range from left to right: immune, immune with flecks, reddish-brown lesions without sporulation, reddish-brown lesions with sporulation, susceptible “tan” lesions with abundant sporulation on the abaxial side of leaves. (b) Locations of collection of P. pachyrhizi isolates used to challenge the C. cajan resistance response in accessions G119-99, G59-95, G146-97.

Figure 2. Characterization of the CcRpp1 locus in four accessions of C. cajan. (a) Genetic and physical fine-map of CcRpp1 locus in G119-99. BAC clones identified using dCAPS52491 and SSR2152 are indicated. Sequenced BAC clones are indicated in bold letters; the position of the four CC-NB-LRR sequences (-1 to -4) on the BAC clones is also indicated. (b-e) Non-synonymous (Ka) and synonymous (Ks) nucleotide substitutions in the CC-NB-LRR genes -1 (b), -2 (c), -3 (d) and -4 (e) present at the CcRpp1 locus in the G59-95, G146-97 resistant and the GS48-95 susceptible accession(s) when compared to accession G119-99. CcRpp1 is referred to as CC-NB-LRR-2. The Ka mutations are indicated in red; the Ks mutations are indicated in blue. NB-LRR genes present in G119-99 but absent in other accessions are indicated either by absence (confirmed by PCR and Southern blot), or by dashed boxes (absence confirmed by PCR only).
 
Figure 3. Characterization of Soybean plants heterologously expressing CcRpp1. (a) Soybean plants that express the CcRpp1 gene driven by the Glycine max SUBI-1 (polyubiquitin) Glyma10G39780) promoter challenged with P. pachyrhizi. From left to right, T1 null plants, T1 hemizygous plants and T1 plants homozygous for the transgene. (b) Average lesion reduction per cm2 of leaf monitored in T1 null plants, T1 hemizygous plants and T1 plants homozygous for the transgene. (c) Expression level differences between T1 null plants, T1 hemizygous plants and T1 plants homozygous for the SUBI-1 driven CcRpp1 gene as determined by qRT-PCR. Blue error bars indicate non-parametric (bootstrapped) limited 95% confidence interval of the mean (see Supplementary Files 2-7 for details on the statistic analyses and figure generation).
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