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Nucleotide-binding leucine-rich repeat (NLR) disease resistance genes typi-
cally confer resistance against races of a single pathogen. Here, we report that
Yr87/Lr85, an NLR gene from Aegilops sharonensis and Aegilops longissima,
confers resistance against both P. striiformis tritici (Pst) and Puccinia triticina
(Pt) that cause stripe and leaf rust, respectively. Yr87/Lr85 confers resistance
against Pst and Pt in wheat introgression as well as transgenic lines. Com-
parative analysis of Yr87/Lr85 and the cloned Triticeae NLR disease resistance
genes shows that Yr87/Lr85 contains two distinct LRR domains and that the
gene is only found in Ae. sharonensis and Ae. longissima. Allele mining and
phylogenetic analysis indicate multiple events of Yr87/Lr85 gene flow between
the two species and presence/absence variation explaining the majority of
resistance to wheat leaf rust in both species. The confinement of Yr87/Lr85 to
Ae. sharonensis and Ae. longissima and the resistance in wheat against Pst and

Pt highlight the potential of these species as valuable sources of dis-
ease resistance genes for wheat improvement.

Leaf rust (caused by Puccinia triticina Eriks., Pt) and stripe rust (caused
by P. striiformis Westend. f. sp. tritici Eriks., Pst) are common and
economically important diseases of cultivated wheat (Triticum aesti-
vum L.), capable of destroying entire fields if untreated"*. Apart from
chemical fungicides, disease resistance (R) genes are the primary
means to protect wheat against rust pathogens. Although R gene
mediated broad-spectrum adult-stage resistance has been observed™*,
most R genes typically confer resistance against a limited set of races of
a single pathogen. Therefore, multiple R genes are necessary to confer
durable resistance against a single pathogen. In recent years, farmers
have faced an increase in the incidence of rust diseases and a steady
rise in the annual losses that are associated with the appearance of

highly aggressive pathogen isolates®®, the emergence of pathogen
races with altered virulence'’, and changes in pathogen distribution as
aresult of global warming®. These factors emphasize the importance of
discovering new sources of rust resistance to help protect wheat
productivity. Wheat contains over 200 designated rust R genes,
including approximately 84 each against Pt and Pst (LrI-Lr80 and
Yr1-Yr86, respectively) and approximately 65 against the stem rust
pathogen P. graminis Pers.:Pers. f. sp. tritici Eriks. and E. Henn. (Pgt)
(Sr2-Sr66)°"°. Most of these genes derive from species in the primary
gene pool of wheat, such as Aegilops tauschii (Coss.) and tetraploid and
diploid Triticum species that can be readily crossed with modern
wheat. Plants within the secondary gene pool, which includes species
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such as Aegilops of the section Sitopsis, have not been extensively
exploited. Utilization of this genetic reservoir is restricted owing to the
lack of homoeologous recombination, which necessitates the use of a
haploid hybrid with homoeologous pairing mutation (phi1b), and due
to the presence of gametocidal genes that limit interspecies
hybridization" . Recent advancements in gene isolation approaches
have led to a marked increase in the cloning of disease resistance
genes' %, To date, 32 rust-resistance genes have been cloned, with
more than a half in the last five years, and many of these originate from
species in the secondary wheat gene pool*. Most of the cloned cereal R
genes are of the nucleotide-binding leucine-rich repeat (NLR) type,
each encoding a unique intracellular receptor that recognizes a spe-
cific pathogen effector protein®. Other types of monocot R genes, so
far discovered only in Triticeae, include tandem kinase proteins
(TKPs), wall-associated kinases (WAKs), and mixed lineage kinase
domain-like (MLKL) proteins**2°. The advances in gene discovery
pipelines along with development of efficient wheat genetic transfor-
mation and gene editing protocols”’?’ open the door to more robust
exploitation of species in the secondary and tertiary gene pools for
wheat improvement.

Aegilops sharonensis Eig and Ae. longissima Schweinf. & Muschl.
are closely related diploid species of the section Sitopsis (secondary
gene pool of wheat) that are rich in traits of agricultural
importance®* . Here, we isolate and characterize a leaf and stripe rust
resistance gene from these species, expanding our understanding of
their genetic defenses. To isolate the gene from Ae. sharonensis, we use
wheat introgression lines’*” and a combination of mutant chromo-
some purification and sequencing (MutChromSeq), which involves
flow sorting and sequencing of mutant chromosomes®, combined
with mutational transcriptomics RNA sequencing (RNA-Seq)"***. For
Ae. longissima, we use the association genetics R gene enrichment
sequencing (AgRenSeq) pipeline'®, which correlates disease resistant
traits with NLR immune receptors, on a diversity panel of 244 acces-
sions. The two systems independently reveal an orthologous NLR
gene, which is named Yr87/Lr85 that is unique to these two Aegilops
species. Unlike most NLR-type R genes, which are specific to a single
pathogen, Yr87/Lr85 confers resistance against two different patho-
gens, Pst and Pt. Expressing the Ae. longissima Yr87/Lr8S in the wheat
cv. Fielder confers resistance against otherwise virulent Pst and Pt
races, confirming that Yr87/Lr85 confers stripe and leaf rust resistance
in wheat.

Results
Cloning of the Yr87/Lr85 gene from Ae. sharonensis
Leaf and stripe rust-resistance from Ae. sharonensis (AEG-548-4) was
previously introgressed into wheat cv. Galil**. The resistance was
mapped to a 17-Mb region on chromosome 6B-65*" in the D42 intro-
gression line” (Fig. 1a). To isolate the candidate resistance gene(s), we
used ethyl methanesulfonate (EMS) mutagenesis on 3086 seeds of the
D42 line, which yielded 1158 M, families. Following stepwise screening
with Pt #526-24 and Pst #5006 isolates that are avirulent on the D42
parental line, we identified 16 independent M5 lines that were sus-
ceptible to both isolates (Supplementary Fig. 1). We confirmed the
presence of the introgressed segment in all 16 M; lines by diagnostic
PCR¥ (Supplementary Fig. 2). The F, progeny of crosses made between
a homozygous Pt/Pst susceptible individual and a homozygous Pt/Pst
resistant M3 individual resulted in monogenic (1 susceptible to 3
resistant) segregation (Supplementary Table 1), and crosses made
between a homozygous Pt/Pst susceptible individual and the recurrent
wheat parent cv. Galil produced uniformly susceptible progenies,
collectively indicating that the resistance to both pathogens is con-
ferred by a single genetic locus.

To isolate the gene, we took a mutational transcriptomics
approach'***?, using five EMS-mutant lines (Supplementary Table 2),
their progenitor D42 line, and the R gene donor Ae. sharonensis AEG-

548-4. We inoculated the plants with the Pt #526-24 and Pst #5006
isolates and extracted RNA from leaf samples at O hours post-
inoculation (hpi), 24 hpi, and 48 hpi. Following RNA sequencing and
processing, we searched the data for candidate genes that are
expressed in both D42 and AEG-548-4 at one or more time points and
contained EMS-derived mutations in at least three of the five mutant
lines. The analysis yielded several putative candidates, the most pro-
mising being transcript TRINITY_DN6116_cO gl (Supplementary
Data 1 and 2). This transcript was expressed at all time points, con-
tained mutations in all five mutant lines (one of the lines carried two
mutations), and encoded a putative protein with a nucleotide-binding
site (NBS) and leucine-rich repeat (LRR) domains. All the single
nucleotide polymorphisms (SNPs) in the mutant lines were within the
same coding sequence (CDS) and resulted in an amino acid substitu-
tion (Fig. 1a and Supplementary Table 3). To analyze the non-coding
regions, we performed chromosome sorting and sequencing and
obtained high-quality chromosome enrichment and sequences for the
mutant lines. Mapping of the reads to a D42 assembly that was
sequenced at a high depth (Supplementary Table 4) revealed three
genomic contigs that spanned the entire sequence of the candidate
gene (Supplementary Data 3).

To validate the function of the candidate gene, we used
virus induced gene silencing (VIGS)*° to suppress its expression in the
D42 line by targeting two non-overlapping gene-specific sequences
(Fig. 1a and Supplementary Data 4). The VIGS plants showed >75%
reduced expression of the candidate gene (Fig. 1b) and were suscep-
tible to the Pt #526-24 and Pst #5006 isolates (Fig. 1c), confirming that
the gene is required for leaf rust and stripe rust resistance. We tem-
porarily designated the candidate gene Yr87/Lr85.

To visualize the YR87/LR85 protein, we generated a three-
dimensional model of its predicted structure (Fig. 1d). The pre-
dicted YR87/LR85 protein exhibits a structural resemblance to
coiled-coil (CC) NLRs. This includes the presence of a conven-
tional NBS domain and an unusually elongated (36 repeats)
horseshoe-like configuration C-terminal LRR domain. For com-
parison, the typical LRR repeats in previously cloned NLR resis-
tance genes vary within the range of 6-31 and an average number
of ~24 repeats (Supplementary Fig. 3a). Further analysis revealed
that the exceptionally long LRR repeat consists of two predicted
horseshoe structures that are separated by a short spacer
sequence. All the amino acid substitutions found in the EMS
mutants mapped to functional domains within the predicted
YR87/LR8S5 protein (Fig. 1a, d and Supplementary Table 3). Two of
the mutations were in externally facing parts of the LRR domain
(Supplementary Fig. 3b), which is a diversification hotspot that
possibly facilitates pathogen recognition*"*2. Two EMS lines had a
mutation in the first LRR domain, resulting in the loss of resis-
tance to both the Pt and Pst isolates. This finding suggests that
the LRR domain may confer resistance to different pathogens.

Cloning of the Yr87/Lr85 gene from Ae. longissima
To search for additional rust-resistance genes, we screened a diversity
panel of 244 Ae. longissima accessions by inoculation of seedlings
separately with two Pt isolates, #12460 and #12337 (see methods for
details). We obtained similar results with these isolates, with a resis-
tance frequency of 30% in the Ae. longissima panel (Fig. 2a). To identify
candidate leaf rust-resistance genes, we followed the AgRenSeq pipe-
line using the pan-cereal NLR capture library Tv_3"'¢ and the pheno-
typing results of the plants infected with the two Pt isolates. We
generated de novo assemblies from the Illumina short-read sequences
from all 244 accessions, filtered the sequences using NLR-Parser, and
performed k-mer-based association genetics analysis with 137 acces-
sions exhibiting observable traits.

We found an association between resistance to both isolates and
the presence of two contigs, 71,128 and 71,798 (Supplementary Data 5),
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Fig. 1| Cloning and functional validation of Ae. sharonensis Yr87/Lr85. a Genetic
(cM) and physical (Mb) maps of the Yr/Lr locus in the D42 introgression line***”:
black, wheat background; gray, Aegilops background; genes in the interval deli-
miting the presence of Yr87/Lr&85: HK histidine kinase; LRR PK LRR protein kinase,
CRK cysteine-rich receptor kinase, RPP13 disease resistance protein RPP13, Serpin
serine protease inhibitors, GR glutamate receptor. Predicted gene structure and
protein domains according to NLRscape: black lines denote introns, shaded rec-
tangles denote untranslated regions (UTRs), lilac rectangles are exons, closed
arrows denote EMS point mutations, open arrows denote locations of sequences
targeted by VIGS (for details see Supplementary Data 4), double slash denotes
aproximately 3kb of intronic region not shown, asterisk denotes the Rx-CC domain.
The number below the nucleotide in parentheses represents the mutant lines. The

number below the nucleotide in parentheses represents the mutant line numbers.
b Yr87/Lr85 expression levels in D42 following VIGS. Data are mean + s.e.m. Sig-
nificant differences were evaluated using a two-tailed Student’s t-test. n =4 biolo-
gical replicates. Black dots represent individual data points. P values are shown on
the graph. ¢ Reaction of D42 to leaf and stripe rust isolates after VIGS targeting the
5 UTR and exon 2 of Yr87/Lr85. Wheat Phytoene deacetylase (PDS) was used as a
control to monitor the effectiveness of gene silencing. Scale bars, 2 mm.

d AlphaFold2 predicted YR87/LR8S5 protein structure, where the Rx-CC (blue) and
NB-ARC (green) domains mostly comprise a-helixes and the LRR (yellow and pink)
domains comprise a 3-helical “horseshoe” structures. Magenta spheres denote EMS
point mutations. Source data are provided as a Source Data file.

that were localized to an unmapped region in the reference genome
(“chromosome unknown”). To precisely map the R gene, we re-
sequenced the Ae. longissima AEG-6782-2 reference line using PacBio
and generated an improved genome assembly (Supplementary
Fig. 4)>** with a contig N50 of 16 Mb. Using Hi-C data, the assembly
was ordered into 7 pseudomolecules that make up 5.9 Gb (98.6% of the
assembled sequence) and contain 67.8kb gaps, whereas the first
assembly, which was based on short-read data, had 931.4 Mb gaps. The
improved assembly enabled us to map the two AgRenSeq NLR candi-
date contigs to an open reading frame on chromosome 6S at position
51,756,423-51,772,629 (16,207 bp) (Fig. 2b). Surprisingly, sequence
alignments of the candidate Ae. longissima leaf rust-resistance gene
and Ae. sharonensis Yr87/Lr85 revealed that the two genes were almost
identical (Supplementary Data 6): they were exactly the same size
(16,207 bp), contained three highly similar introns, and had nearly

identical exons that differed only in three synonymous nucleotide
substitutions and produced a 4533-bp CDS (Supplementary Data 7)
with a predicted protein of 1510 amino acids. Hence, we independently
isolated an orthologous rust-resistance gene from Ae. sharonensis and
Ae. longissima using two different approaches.

To verify the function of Yr87/Lr85 from Ae. longissima in resis-
tance to Pst and Pt, we produced transgenic wheat lines (cv. Fielder)
expressing Ae. longissima Yr87/Lr85 cDNA or a synthetic genomic DNA
(gDNA) clone that included the four exons separated by shortened
introns, both with the native promoter and termination sequences (see
Methods and Fig. 2c and Supplementary Fig. 5 for details). We gener-
ated independent primary transgenic events (T,), selected three
events each with various copy numbers of either the cDNA or the
synthetic gDNA clone (Supplementary Table 5), produced homo-
zygous T; and T, progenies, and tested their response to infection with
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Fig. 2 | Cloning and functional validation of Ae. longissima Yr87/Lr85.

a Distribution of leaf rust resistance across 137 Ae. longissima accessions. Infection
types range from 1 (complete resistance) to 9 (fully susceptible). Pearson's corre-
lation coefficient was calculated to assess the relationship between infection types
of the two isolates, revealing a strong correlation (r= 0.91, P= 5.97¢ ). A two-tailed
test was used, and no adjustments were made for multiple comparisons.

b Identification of Yr87/Lr85 using Pt isolate #12337. The x-axis shows the genomic
position on the AEG-6782-2 genome assembly, the y-axis represents the score of
the k-mers associated with resistance across the diversity panel. The association
score is defined as the negative log of the P value obtained using the general linear
model (GLM). The dotted red line is the significance threshold at P=0.001 and is
adjusted for multiple comparisons using “Bonferroni’ correction,* denotes Rx-CC
domain. ¢ Diagrams of the gene constructs used to transform wheat cv. Fielder.
Shaded rectangles denote promoter and terminator regions, lilac rectangles

denote exons, black lines (bottom scheme) denote partial (first and second introns,
where 4 kb and 5.5 kb were excluded respectively from the construct) or full (third)
intron sequences, * denotes Exon 4. d Reaction of exemplary transgenic lines to
infection with Pt and Pst isolates. gDNA (T-g) and cDNA (T-c) transgenic lines. Scale
bars, 2 mm. e Relative transcript levels of the Yr87/Lr85 gene in gDNA (T-g) and
cDNA (T-c) transgenic lines vs. wild-type Fielder and in Ae. longissima AEG-6782-2
at the seedling stage. f Relative transcript levels of the Yr87/Lr85 gene in uninfected
(green) or post-infected (blue) leaves, at the seedling stage, after infection with Pt
isolate #12460. Data are mean + s.e.m. Significant differences were evaluated using
a two-tailed Student’s t-test. n =3 biological replicates. Black dots represent indi-
vidual data points. P values are shown on the graph. The D6 protein kinase (D6PK)
like gene (XM_044524929) was used as an internal control. Source data are pro-
vided as a Source Data file.
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the Pt and Pst isolates. The three cDNA transgenic lines were all sus-
ceptible to the Pt (#526-24 and #12460) and Pst (#5006) isolates,
whereas the three gDNA transgenic lines showed variable degrees of
resistance (Fig. 2d). Reverse transcription-quantitative PCR (RT-qPCR)
analysis revealed that Yr87/Lr85 expression levels in the cDNA trans-
genic plants were at least 2.5-fold lower than those in the gDNA plants
and ~6-fold lower than that in Ae. longissima (Fig. 2e). The relatively low
gene expression levels in the tested cDNA transgenic lines (Fig. 2e)
suggested that the introns within the coding sequence are important
for proper Yr87/Lr85 gene expression®. Furthermore, expression of the
Yr87/Lr85 gene did not differ between infected and uninfected plants
(Fig. 2f), and the resistance level conferred by Yr87/Lr85 was not
compromised at relatively high temperatures (28 °C day/22 °C night;
Supplementary Fig. 6). We also tested two additional transgenic lines
with two additional isolates of both Pt (TNBJS and MNPSD) and Pst (v-
37 and v-40) from North America (USA) and found high levels of
resistance (Supplementary Fig. 7). To check if Yr87/Lr85 provides
resistance to other pathogens, we inoculated the transgenic Fielder
plants with two isolates of Pgt (stem rust #2135 and #2127) and three
isolates of Blumeria graminis f. sp. tritici (Bgt; powdery mildew, #15,
#70 and #101) pathogens. All isolates were virulent (Supplementary

Pt #526-24

Fielder

Seedling Adult Seedling Adult

b Fielder T-gA

Fig. 3 | Yr87/Lr85 confers resistance in seedlings and adult plants. a Pustule
development on seedling (Pt, 7 days post-inoculation [dpil; Pst, 14 dpi) and adult
(Pt, 18-20 dpi; Pst, 17-20 dpi) leaves of wheat cv. Fielder and transgenic plants
expressing Ae. longissima Yr87/Lr85. Scale bars, 2 mm. Light (b) and fluorescent (c)
micrographs of leaf segments of wheat seedlings inoculated with Pt or Pst. b Yr87/
Lr85 transgenic seedlings developed chlorotic halos that occasionally produced

Fig. 8) indicating that Yr87/Lr85 confers specific resistance to Pst
and Pt.

Yr87/Lr85 confers quantitative resistance in seedlings and
adult plants
To gain insight into the mode of resistance conferred by Yr87/Lr85, we
inoculated wild type and Yr&87/Lr85-transgenic Fielder plants with the Pt
and Pst isolates and then stained the leaf samples with FITC-labeled
wheat germ agglutinin (WGA), which specifically stains fungal cell
walls*®. The Pt and Pst isolates penetrated and grew within leaf tissues
of the resistant plants, but fungal development was drastically
reduced, and the area occupied by the fungi was substantially larger in
the susceptible cv. Fielder (Fig. 3a-c). Similar results were obtained
with susceptible and resistant accessions of Ae. longissima (Supple-
mentary Fig. 9). The resistance response was similar in seedlings and in
adult plants (Fig. 3a), and this common phenotype was paralleled by a
similar expression level of the Yr87/Lr85 gene in young and adult plants
(Supplementary Fig. 10a). Finally, the Yr87/Lr85 gene was expressed in
most tissues except roots (Supplementary Fig. 10b).

Staining of reactive oxygen species (ROS) with diamino benzidine
(DAB) showed that the transgenic plants accumulated lower levels of

Pst #5006

T-gA

Fielder

Seedling Adult

Fielder

micropustules (Pt, 7 dpi; Pst, 14 dpi). Scale bars, 200 um. ¢ Leaves were stained with
WGA-FITC. Spores of Pt and Pst germinated and penetrated the epidermis of Yr87/
Lr85 transgenic plants but progressed slower and developed smaller colonies
within the leaf compared with infection of cv. Fielder plants. The arrows mark the
edges of the colonies. Scale bars, 200 um. The experiments were independently
repeated three times, yielding consistent results.
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ROS than wild type Fielder plants, however the DAB staining occupied
a larger space, suggesting a quantitative defense response (Supple-
mentary Fig. 11). We concluded that Yr87/Lr85 hinders infection to Pst
and Pt by slowing down pathogen development (Fig. 3b, ¢ and Sup-
plementary Fig. 9), and although it does not completely block fungal
growth, it prevents disease development in seedlings and mature
plants.

Yr87/Lr85 is only found in Ae. sharonensis and Ae. longissima
We searched for Yr87/Lr85 orthologs in other species. A local BLAST
search of the v2.0 Ae. longissima assembly (AEG-6782-2) using the
Yr87/Lr85 CDS as a query revealed a single copy of Yr87/Lr85 in the Ae.
longissima genome, while the published Ae. sharonensis genome** did
not contain Yr87/Lr85 homologs. To understand the relationship of
Yr87/Lr8S relative to known NLR encoding genes, we performed a
large-scale phylogenetic analysis using the NBS domain of NLRs from
Ae. tauschii, Brachypodium distachyon, Hordeum vulgare (barley),
Oryza sativa (rice), Setaria italica (Foxtail millet), Sorghum bicolor, T.
aestivum (wheat), T. urartu, and Zea mays (maize) based on the
approach of Bailey et al.*’. YR87/LR85 was located in the C24 clade
within a subclade that does not include known resistance genes
(Supplementary Fig. 12a). The rice PI5-1/P15-2 and PII-1/PII-2 resistance
genes are in a sister subclade to YR87/LR85*. Phylogenetic analysis
using full-length NLRs in the YR87/LR85 subclade only found species
from the Bambusoideae, Oryzoideae, and Pooideae (BOP) clades
(Supplementary Fig. 12b). The orthogroup including YR87/LR85 found
four NLRs: YR87/LR8S5, Ae. tauschii EMT11349 (RGAI, Resistance Gene
Analog 1), barley HORVU.MOREX.r3.3HG0316460.1, and T. urartu
TRIUR315482P1 (Supplementary Fig. 12b). A global BLAST search of the
NCBI and cereals-specific databases using the Yr87/Lr85 CDS as a query
revealed sequence similarity in plant species from three tribes: Triti-
ceae, Poeae, and Brachypodieae (Supplementary Data 8). We further
searched the genomes of hexaploid wheat’****° and the wheat D
genome progenitor Ae. tauschii’+* for Yr87/Lr85 homologs (Supple-
mentary Table 6). The two genes with the highest sequence similarity
to Yr87/Lr85 were the Ae. tauschii putative disease resistance gene
RGA1, which is 87% identical to the predicted Yr87/Lr85 CDS, and the T.
urartu RGA2-like putative disease resistance gene, with 83% nucleotide
identity. All other predicted genes shared less than 80% sequence
identity and/or had less than 80% coverage. Interestingly, a global
BLAST search using the YR87/LR85 predicted protein sequence as a
query showed only 79% identity to Ae. tauschii RGA1, and the rest of the
sequences had less than 65% identity (Supplementary Data 9). Col-
lectively, this shows that Yr87/Lr85 belongs to a large clade of NLRs
from BOP species and has putative orthologs in only three species in
the Triticeae.

To check whether Ae. tauschii RGAI is a functional homolog of
Yr87/Lr85, we examined the response to the Pt #526-24 isolate of 15 Ae.
tauschii accessions, eight that harbor RGAI and seven that lack RGAIL
There was no correlation between resistance of the accessions to Pt
#526-24 and the presence of RGAI (Supplementary Table 7). To further
examine if RGAI is a functional homolog of Yr87/Lr85, we used VIGS to
suppress expression of the RGAI gene (Supplementary Data 4) in the
Ae. tauschii accession AEG-9907-0. RGAI silenced plants did not exhi-
bit any variation in response to Pt #526-24 when compared to plants
inoculated with the empty vector, further suggesting that the Ae.
tauschii RGAI is not a functional homolog of the Yr87/Lr85 gene
(Supplementary Fig. 13).

A phylogenetic analysis using the predicted full-length YR87/
LR85 protein sequence or just the LRR and NBS domains and the
protein sequences of previously cloned NLR genes’, showed that
the predicted YR87/LR85 protein is most closely related to the
wheat TSN1 ToxA sensitivity protein (Supplementary Fig. 14 and
Supplementary Data 10). However, we found only low sequence
similarities when using the CC domain as a query, indicating that

this domain differs from that in previously cloned NLRs. Structural
homology analysis of the predicted structure of the YR87/LR85
protein using the FoldSeek database showed partial structural
similarities to several predicted NLR-type resistance proteins
(Supplementary Fig. 15), however all candidates lacked homology
in the C-terminal part of the proteins and this analysis did not
reveal new functional or phylogenetic information. Based on the
above analyses, we conclude that we could not identify a functional
homolog of the Ae. sharonensis and Ae. longissima Yr87/Lr85 gene in
current databases.

Ae. sharonensis grows in a narrow stretch (>15 km wide) along the
eastern coast of the Mediterranean, overlapping with Ae. longissima,
which is more widespread and can be found more inland and to the
south®. To fully classify the allelic diversity of Yr87/Lr8S in Ae. shar-
onensis and Ae. longissima, we used iterative de novo assembly and k-
mer fingerprinting on RenSeq data from diverse collections of Ae.
sharonensis (N =204) and Ae. longissima (N = 244). Yr87/Lr85 exists as a
presence/absence variation with the gene present in 36% of Ae. shar-
onensis accessions (73/204) and 21% of the Ae. longissima accessions
(52/244) (Supplementary Data 11). Multiple alleles exist based on var-
iation in the open reading frame (Ae. sharonensis, 19 alleles; Ae. long-
issima, 18 alleles) and amino acid sequence (Ae. sharonensis, 17
variants; Ae. longissima, 15 variants). The majority of alleles were
unique to an individual species, where 44% of them were found in a
single genotype, and only four alleles were shared between Ae. shar-
onensis and Ae. longissima. In total, 24% of the genotypes contained
alleles that were shared with the other species (Supplementary
Table 8). Several alleles carry interrupted open reading frames
including AEG-2172 (AGSHOO08), AEG-7888 (AGSHO10), AEG-2229
(AGSHO054), AEG-2704 (AGSHO057), and AEG-4844 (AGSHO060). Inter-
estingly, while the Yr87/Lr85 allele AEG-401 [AGSHO39] is shared
between Ae. sharonensis and Ae. longissima, it appears to be non-
functional as it carries an insertion in the second exon that may impact
gene expression (Supplementary Data 12).

Classification of alleles based on sequence identity to YR87/LR85
revealed that the majority of resistance to wheat leaf rust in Ae. shar-
onensis and Ae. longissima can be explained by YR87/LR8S (Fig. 4a and
b). In Ae. longissima, of 35 accessions predicted to carry a functional
Yr87/Lr85 (allele that confers resistance in transgenic lines described
above), 31 accessions (88.5%) were resistant (IT 1-3) and four were
susceptible (IT 7-9) to Pt isolate #12460 (Supplementary Data 12). Of
166 accessions predicted to carry a non-functional or deletion of
Yr87/Lr85, 22 accessions were resistant (IT 1-3), two accessions had
intermediate scores (IT 5), and 142 were susceptible (IT 7-9). In Ae.
sharonensis, of 44 accessions predicted to carry a functional Yr87/Lr85
allele, only 28 accessions (63%) were resistant (IT 1-3) and 16 were
susceptible (IT 7-9) to Pt isolate THBJ*>*** (Supplementary Data 13). Of
100 accessions predicted to carry a non-functional or deletion of
Yr87/Lr85, 31 accessions were resistant (IT 1-3), three accessions had
intermediate scores (IT 5), and 66 were susceptible (IT 7-9). Little
sequence variation was observed between alleles with intact open
reading frames, with a maximum of four amino acid differences rela-
tive to functional alleles.

Recombination analysis did not find any recombination events
between the Yr87/Lr85 CDS alleles. The inferred maximum likelihood
(ML) phylogenetic tree of the alleles (Fig. 4c) revealed no clear
separation between the Ae. sharonensis and the Ae. longissima alleles.
None of the higher order branches were specific to one species.
Moreover, no clear-cut geographic pattern was observable, except for
one branch stemming from the root at the bottom of the tree that
originated from the north. Additionally, in 18% of the alleles, accessions
with the same allele were found more than 75 km apart, and in 75% of
the collection sites with more than one accession, there were two to
four different alleles. This pattern suggests that there were several
horizontal gene transfer events between the two species and that there
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shows distribution of the Ae. sharonesis (blue) and Ae. longissima (red)

samples used.

is likely evolutionary pressure to maintain diversity of the gene within
populations.

Discussion
Multiple disease resistance is usually conferred by non-NLR R genes
with a general function, such as the rice (Oryza sativa) broad-spectrum

resistance genes Pi21 and Ptr that encode a proline-rich protein® and a
protein with four Armadillo repeats™, respectively. Other examples are
the wheat pleiotropic-effect R genes Lr34 that encodes an ABC
transporter’’ and Lré7 that encodes a hexose transporter®®. Though
rare, resistance conferred by a single NLR R gene against taxonomically
distant pathogens has been reported. The RESISTANT TO RALSTONIA
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SOLANACEARUM 1 (RRSI) and RESISTANT TO P. SYRINGAE 4 (RPS4) NLR
genes in Arabidopsis (Arabidopsis thaliana) function cooperatively to
confer resistance against three bacterial pathogens, Pseudomonas
syringae, Ralstonia solanacearum, and Xanthomonas campestris, and
one fungal pathogen, Colletotrichum higginsianum®. Likewise, the Mi
NLR gene in tomato (Solanum lycopersicum) confers resistance to
three types of pests: root knot nematode (Meloidogyne spp.), potato
aphid  (Macrosiphum  euphorbiae), and whitefly (Bemisia
argentifoli)®*>. Recognition of XOPQl (RogI) confers resistance in
Nicotiana benthamiana to the phytopathogenic bacteria Xanthomonas
and Pseudomonas®*®*.

In grasses, the only examples of multiple-resistance NLR genes are
the barley (Hordeum vulgare) Mildew locus a (Mla) genes Mla3, Mla7,
and Mla8. All three genes confer resistance to the host-adapted pow-
dery mildew pathogen B. graminis f. sp. hordei, and in addition, each
gene confers resistance against major pathogens of other crops: Mla3
confers resistance to the rice blast pathogen Pyricularia oryzae (syn.
Magnaporthe oryzae) by specifically recognizing the Pwl2 effector
protein®, and Mla7 and Mla8 confer resistance against the wheat stripe
rust pathogen Pst°**’. In wheat, it has been reported that Sr15/Lr20 and
Lr16/5r23 confer resistance to stem and stripe rust pathogens, how-
ever, the genes have not been isolated and their molecular nature is
unknown®®, Marais et al.*” introgressed a leaf and stripe rust-resistance
locus from Ae. sharonensis into chromosome 6A of bread wheat;
however, the resistance was associated with two separate genes, Lr56
and Yr38, that segregated between the offspring, and it is unrelated to
Yr87/Lr8S, which is also located on chromosome 6. Hence, the Yr87/
Lr85 reported here is a rare case, particularly in wheat, of a cloned NLR
gene that confers resistance to two distinct wheat pathogens.

Yr87/Lr85 did not prevent host invasion and did not completely
block the pathogens, but it slowed pathogen growth and prevented
disease progression. In this respect, it is more similar to adult plant
resistance or slow rusting, which are manifested only in adult plants,
unlike complete resistance, which is usually observed at seedling
stage’®72. However, the Yr87/Lr85 gene conferred equally effective
resistance in seedlings as well as in adult plants, hence it should be
considered an all stage resistance (ASR) gene. Yr87/Lr85 resistance is
specific against leaf and stripe rust as it was found ineffective against
stem rust or powdery mildew pathogens, hence it is not as broad as
that of Lr34/Yr18/Sr57/Pm38, Lr46/Yr29/5r58/Pm39 and Lr67/Yr46/5r55/
Pm46, which confer resistance against all four pathogen species. The
resistance conferred by Yr87/Lr85 was effective against all the Pst and
Pt isolates that we have tested, including highly virulent races, indi-
cating its high potential in breeding programs.

The Yr87/Lr85 phenotype resembles the resistance that is con-
ferred by the Sr21 and Sr13 stem rust-resistance genes, which also slow
pathogen development. Sr21 and Sri13 confer only partial resistance to
stem rust, are more effective at high temperatures”” and in the case
of Sr21 but not Sr13, the resistance level is correlated with gene
expression level. The expression of both genes leads to upregulation
of a set of pathogen-responsive genes at high temperatures, suggest-
ing that they share common pathways and mechanisms. The expres-
sion of Yr87/Lr85 is constitutive and stable, is unaffected by the
presence of the pathogens, plant age, or temperature, and the resis-
tance it provides is equally successful in both seedlings and adult
plants, suggesting a distinct mechanism compared to Sr21 and Sr13.

How Yr87/Lr85 confers resistance against two different pathogen
species is unclear. Assuming that, as in other cases, resistance is trig-
gered by recognition of a fungal effector, the YR87/LR85 protein
possibly recognizes two different protein effectors, as in the case of N.
benthamiana ROQI that recognizes different effectors from different
bacterial species’. Along this line, we can rule out a differential role of
the two LRR domains since mutations in one of them abolished resis-
tance against both Pst and Pt. Alternatively, the different pathogen
species may contain a common effector; this is the case for the wheat

Tsnl gene that confers sensitivity to the ToxA effector from three
different necrotrophic fungal pathogens, Parastagonospora nodorum,
Pyrenophora tritici-repentis and Bipolaris sorokiniana that cause the
diseases septoria nodorum blotch, tan spot, and spot blotch,
respectively”’. Since the Yr87/Lr85 gene sequence is almost identical in
Ae. sharonensis and Ae. longissima, both possibilities are currently
viable.

The phylogenetic analysis showed that Yr87/Lr85 belongs to an
expanded clade of NLRs in the BOP and the functional haplotype was
only found in Ae. sharonensis and Ae. longissima. Sequence variation in
the promoter, terminator, introns, or untranslated regions likely
explains the lack of full predictive power of YR87/LR8S5 for resistance
to Pt as suggested by the allele analysis. The homolog with the highest
sequence similarity, an uncharacterized RGAI gene with 87% nucleo-
tide and 79% amino acid identity to Yr87/Lr85, was found in Ae. tauschii
(Supplementary Data 8 and 9), the donor of the hexaploid wheat D sub-
genome and a member of the same clade as Ae. sharonensis and Ae.
longissima’®. All other predicted genes in recently published genomic
data, including the D genome wheat species, various Ae. tauschii
accessions, and the wheat ABD genome species* >, showed less than
80% sequence similarity to Yr87/Lr85 (Supplementary Table 6). The
presence or absence of RGAL in various accessions of Ae. tauschii, or
silencing of RGAI in the Ae. tauschii resistant accession AEG-9907-0,
did not have any impact on response to the Pt #526-24 isolate.
Therefore, RGA1 does not seem to be a functional homologue of
Yr87/Lr8S.

Ae. sharonensis and Ae. longissima are closely related, with a mean
identity of 98.6% for all high-confidence genes’®. However, the mean
identity of NLR genes between the two species is only 87%, suggesting
that each species contains a significant number of unique R genes.
Phylogenetic analysis of the NLRs from the different genomes high-
lighted groups of genes or specific targets for further study; for
example, the two branches that lacked cloned R genes and clades rich
in cloned genes that might indicate an evolutionary hotspot’®. We
expect that the availability of Ae. sharonensis and Ae. longissima high
quality diversity panels and robust genome resources, coupled with
powerful long read sequencing pipelines such as PacBio’® and whole-
genome k-mer-based association mapping”, will enable researchers to
systematically explore and rapidly mine these unique genetic resour-
ces to improve wheat and other cereal crops.

Methods
Plant and pathogen materials
The Aegilops sharonensis, Ae. longissima, Ae. tauschii accessions (AEG
accessions) and cv. Galil (Triticum aestivum L.)***"”® were obtained
from the Harold and Adele Lieberman Germplasm Bank in the Institute
for Cereal Crops Research (ICCR) at Tel Aviv University (https://en-
lifesci.tau.ac.il/icci). Seeds of the recombinant and transgenic lines
generated in the current study have been deposited in the same
germplasm bank. Ae. tauschii Vaccessions were obtained from the
Department of Agronomy and Plant Genetics, University of Minnesota,
St. Paul, Minnesota. The Ae. sharonensis diversity panel consisting of
193 accessions, including AEG-548-4 (TH548)***, originated from 24
collection sites spanning the whole Ae. sharonensis geographic dis-
tribution in Israel. The Ae. longissima diversity panel consisting of 380
accessions, including AEG-6782-27%, originated from 80 collection sites
spanning the whole Ae. longissima geographic distribution in Israel. All
accessions were self-fertilized for three to five generations, with bag-
ged heads to prevent cross-fertilization. Accessions were selected to
maximize their geographic distribution and minimize the number of
accessions originating from the same collection site. Wheat cv. Fielder
(NSGC cltr. 17268) was obtained from the National Small Grains
Germplasm Research Facility, USDA-ARS- United States (NSGC).
Puccinia triticina Eriks. (Pt, leaf rust) isolates #526-24 (race
MFBKG)*® #12460 (race MCDTB), and #12337 (race MFPPB), P.
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striiformis Westend. f. sp. tritici Eriks. (Pst, stripe rust) isolate #5006
(virulence/avirulence (V/Av) formula Yré6,7,8,9,11,12,17,19,sk,18,A/
Yr1,5,10,15,24,26,sp)* and P. graminis Pers.:Pers. f. sp. tritici Eriks. and E.
Henn. (Pgt, stem rust) isolates #2135 (race TTTTC)® and #2127 (race
TTTTF) were from the stocks of the ICCR. Pt races TNBJS and MNPSD
were from James Kolmer at the Cereal Disease Lab, United States, and
Pst isolates PsTv-40 (V/Av formula 6,7,8,9,10,24,27,32,43,44,Tr1,Exp2/
1,5,15,17,SP,Tye) and PsTv-37 (V/Av formula 6,7,8,9,17,27,43,44,Tr1 Exp2/
1,5,10,15,24,32,SP, Tye)*> were from Xianming Chen's lab at Washington
State University. Blumeria graminis f. sp. tritici (Bgt, powdery mildew)
isolates #15, #70 and #101® were from the Department of Vegetables
and Field Crops, Institute of Plant Sciences, ARO-Volcani Center and
Haifa University. The P. triticina and P. graminis nomenclature is
according to the updated code for North American differential hosts for
P. triticina, USDA.

Plant inoculation and phenotyping

Seedlings were tested and selected for leaf rust and stripe rust
resistance®. Briefly, plants were sown and grown in small pots in a
temperature-controlled greenhouse at 22 +2 °C with a 14-h day/10-h
night photoperiod. Inoculation was performed with a suspension of
urediniospores in lightweight mineral oil (Soltrol 170), and the oil on
the inoculated plants was allowed to evaporate. Routinely, seedlings
were inoculated at one- (7-10 days after planting, for leaf rust) or two-
leaf stage (10-12 days after planting, for stripe rust), adult plants were
inoculated at early grain filling (Zadoks growth stage 75)%. For gene
expression studies, plants were inoculated by brushing leaves with
fresh spores. For the VIGS assay, the plants were inoculated 13 days
after transfection with Barley Stripe Mosaic Virus (BSMV). Following
inoculation, for all applications, plants were incubated for 24 hin a dew
chamber (100% relative humidity) and then transferred to the green-
house. For leaf rust inoculation, plants were incubated for 24 h in a dew
chamber at 18 °C and grown in the greenhouse for 12-14 days at 22 °C.
For the high-temperature assay, plants were initially infected with Pt
(leaf rust) isolates, incubated in a dew chamber for 24 h, and then
moved to a growth chamber for 12-14 days at 25°C. For stripe rust
inoculation, plants are maintained in a dew chamber for 24 h (12 h at
9 °C in the dark, followed by 12 h at 15 °C in the light) and then trans-
ferred to a growth chamber for 14-17 days at 15°C. For stepwise
infection with both leaf and stripe rust, plants were first inoculated
with leaf rust, incubated in a dew chamber for 24 h, then for 4-6 daysin
the greenhouse, and then inoculated with stripe rust and incubated in
a dew chamber and growth chamber as described above. For all types
of inoculations, three replicates for each accession were tested, and
plants were scored for infection type (IT) 7-10 dpi for Pt and 14 dpi for
Pst, on a standard O to 4 or O to 9 scale®’. ITs were converted from a
0-4 scale to a 1-9 scale for convenience, where values of 0-2 (con-
verted to 1-3 on the new scale) were considered a resistance response
and values of 3-4 (converted to 7-9 on the new scale) were considered
a susceptible response.

Mutagenesis and screening for susceptible Ae. sharonensis Yr87/
Lr8S introgression lines

Homozygous resistant introgression line D42, containing a segment
(including Yr87/Lr85) derived from Ae. sharonensis accession AEG-548-
4 in the hexaploid bread wheat cultivar Galil background (RY32-3-14°°),
was selected and 3086 seeds were treated with EMS (Sigma-Aldrich)™.
Briefly, dry seeds were treated for 16 h with 200 mL of 0.5% EMS
solution while being rolled on an orbital shaker (TS-400, MRC) to
ensure maximum exposure of the seeds to EMS. The excess solution
was then removed, the seeds were washed with 500 mL tap water three
times, each for 1 h, and then planted in 0.8-L pots. M; seeds were grown
in the greenhouse with controlled conditions of 14-h light and 23 °C/
18 °C day/night temperature, and seeds of M, families (single heads)
were collected. Ten seeds per family were phenotyped sequentially

with P. triticina isolate #526-24 and P. striiformis isolate #5006. M3
seeds derived from susceptible M, plants were also phenotyped with
the above-mentioned rust isolates to confirm that M, susceptible
plants were true mutants. DNA of all susceptible M; mutants was
validated for the presence of the introgressed segment containing the
resistance gene Yr87/Lr85 by PCR amplification®.

Flow cytometric sorting and sequencing

Susceptible mutants derived from independent M, families and the
D42 parental line were selected for MutChromSeq'. Briefly, root tip
meristem cells were synchronized using hydroxyurea, paused in
metaphase using amiprophos-methyl, and mildly fixed in for-
maldehyde. Intact chromosomes were released by mechanically
homogenizing 100 root tips in 600 pL ice-cold IB buffer®®, Prior to flow
cytometric analysis, chromosomes were labeled by fluorescence in situ
hybridization in suspension (FISHIS) using 5’-FITC-(GAA),-FITC-3” and
5-FITC-(ACG),-FITC-3’ oligonucleotide probes (Integrated DNA Tech-
nologies, Inc., lowa, USA)*” and chromosomal DNA was stained by 4',6-
diamidino 2-phenylindole (DAPI) at 2 pg/mL. Chromosome analysis
and sorting were performed using a FACSAria Il SORP flow cytometer
and sorter (Becton Dickinson Immunocytometry Systems, San José,
USA). Chromosome samples were analyzed at rates of 900-1400
particles per second. Bivariate flow karyotypes FITC pulse area (FITC-
A) vs. DAPI pulse area (DAPI-A) fluorescence were acquired and 20,000
events were recorded to create a bivariate flow karyotype for each
sample. Sort regions delimiting populations of chromosome 6B-65"
were set on flow karyotypes and chromosomes were sorted at a rate of
12-24 particles per second. Two batches of 25,000-76,000 copies of
chromosome 6B-65*" were sorted from each sample into PCR tubes
containing 40 pL sterile deionized water (Supplementary Fig. 16).
Chromosome contents of flow-sorted fractions were estimated by
microscopic observation of 1500-2000 chromosomes sorted into a
6-pL drop of primed in situ DNA labeling (PRINS) buffer containing
2.5% sucrose onto a microscope slide. Air-dried chromosomes were
labeled by FISH with probes for the pSc119.2 repeat, Afa family repeat,
and 45S rDNA®S. At least 100 chromosomes were classified following
the karyotype®°°, to determine the chromosome content of the flow-
sorted samples and to assign the populations observed on bivariate
flow karyotypes to particular chromosomes. Flow-sorted chromosome
samples were treated with proteinase K, and their DNA was purified
and amplified by multiple displacement amplification using an Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Chicago, IL,
USA)’.. Purities in 6B-6S" chromosome fractions and total DNA
amount prepared from the flow-sorted chromosome fractions are lis-
ted in Supplementary Table 2. Libraries for sequencing were prepared
using NEBNext Ultra Il DNA Library Prep Kit for Illumina (New England
BioLabs, Massachusetts, USA) and sequenced on HiSeq2500 (lllumina,
San Diego, CA, USA) using Hiseq Rapid SBS Kit v2. 2x250 bp (Illumina,
San Diego, CA, USA), and paired-end reads were produced. Each
mutant library was sequenced on one lane of a HiSeq2500 with 150-bp
paired-end reads (for each of the mutants) and 250-bp paired-end
reads at 70x coverage for wheat parental line D42.

MutCromSeq data analysis

The quality of sequenced raw fastq libraries was checked with Fastqc®>
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Overall,
reads from parental line D42 and EMS mutants were of good quality,
and no trimming was required. The MutCromSeq protocol®® was
applied to the high-quality filtered reads with few modifications. For de
novo assembly of the parental D42 introgression line, three assemblers
were tested: the commercial CLC and the two open software MaSuRCA
v.3.42”  (https://github.com/alekseyzimin/masurca) and Abbys
v.2.0.2°*, all with default parameters. Assembly contiguity statistics
were calculated with abyss-fac from the Abbys suite. RepeatMasker
v.4.0.5 (www.repeatmasker.org) with the TriticeaeRepeat Database
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(TREP)* was used to mask repetitive sequences in the de novo
assemblies. To align sequenced reads and generate pileup files for each
mutant and the wild type, BWA v.0.7.17°° with the Aln algorithm was
used. The forward and reverse aligned reads were combined with the
Sampe algorithm into the corresponding SAM format files, which were
converted to BAM files, sorted, filtered for duplicates, and used to
generate pileup files with SAMtools v.1.9””. To lessen the impact of
contaminations, we selected reads aligned with a mapping quality (-q)
of 30 or above. The java programs Pileup2XML.jar and Mut tran-
scriptomics.jar, part of the Mut transcriptomics pipeline®® were used to
filter the pileup files. First, Pileup2XML.jar was used to screen pileup
files for single nucleotide variations (SNV), with the parameters -a and
-¢ set to 0.2 and 7, for the maximum reference allele frequency and
minimum coverage allowed, respectively. Second, Mut tran-
scriptomics.jar with -c 7 -a 0.01 -z 2 -n 5 or 3 was used to combine the
individual XML output files from the previous step and call candidate
contigs. The z parameter controls the maximum number of mutants
that are allowed to have a mutation at the same position, and n
establishes the minimum number of mutants that need to have a
mutation in a contig to be reported as a candidate. Finally, the IGV
browser”™  (https://software.broadinstitute.org/software/igv/) ~ was
used to visually inspect candidate contigs for validation. Both Gmap®’
with --min-trimmed-coverage=0.90 --min-identity=0.90, and BLASTn,
with e-value threshold of 1E-50, from the ncbi_blast+ suite'° were used
to map contigs to chromosome 6S*" of the Ae. sharonensis assembly**
and chromosome 6B of the wheat cv. Chinese Spring reference gen-
ome assembly (IWGSC_RefSeq_v1.0)"",

Genomic DNA and RNA isolation, gene expression, and copy
number analysis

For most applications, gDNA was extracted from leaves by the modified
CTAB method'®. Briefly, 0.1g of frozen leaves was ground to a fine
powder using two steel beads, on a GenoGrinder 2010 (cat. no. 20-101-
15; Fischer Scientific), the sample was then mixed with 1 mL of CTAB
buffer (2% CTAB, 20 mM EDTA, 100 mM Tris-HCI pH 8.0, 1.4 M NaCl,
0.5% sodium disulfite, 0.1% [B-mercaptoethanol) and incubated at 65 °C
for 45 min. After incubation, a mixture of chloroform:isoamylalcohol
(24:1) was added, mixed and the sample was subjected to centrifugation
at 15,000 g for 10 min. Supernatant was transferred to a new centrifuge
tube, 3 pL of RNase A (10 mg/mL) were added and followed by incu-
bation at 37°C for 30 min. Then an equal volume of chlor-
oform:isoamylalcohol (24:1) mixture was added and the samples were
subjected to centrifugation at 15,000 g for 10 min. The upper phase was
transferred to a new tube and samples were mixed with 0.6 volume of
ice-cold isopropanol, incubated at —20 °C for 60 min and centrifuged at
15,000 g at 4 °C for 10 min. The supernatant was discarded, and the
pellet was washed twice with ice-cold 70% ethanol and dried. The DNA
was then dissolved in 100 pl of ultra-pure water. For PacBio genome
sequencing, a modification of the CTAB method incorporating poly-
vinylpolypyrrolidone and sucrose was used. Briefly, -3.5 g of frozen leaf
tissue was ground to a fine powder, using mortar and pestle in liquid
nitrogen. The sample was then mixed with 13 mL of a pre-heated (65 °C)
DNA isolation buffer that was prepared by combining three solutions in
a 1:1:0.4 ratio, consisting of Solution A (0.35 M sorbitol, 0.1 M Tris-HCI
pH 7.5, 5 mM EDTA), Solution B (0.2 M Tris-HCI pH 7.5, 0.05 M EDTA, 2
M NacCl, 2% CTAB), and Solution C (5% N-lauroylsarcosine sodium salt),
with the addition of 1% polyvinylpolypyrrolidone (PVPP) and 0.3%
natrium disulfite to the final mixture. The sample was incubated at 65 °C
for 90 min. After incubation, an equal volume of chlor-
oform:isoamylalcohol (24:1) mixture was added, gently mixed for
10 min and the sample was subjected to centrifugation at 1600 g at 4 °C
for 15 min. The upper phase was transferred to a new centrifuge tube
and the chloroform extraction was repeated twice. DNA was pre-
cipitated by adding 2/3 volume of isopropanol to the supernatant, fol-
lowed by gentle inversion and incubation at —20 °C for 10 min. The DNA

was collected using a Pasteur pipette, washed with 15 mL of 70% etha-
nol, and incubated overnight at 4 °C. After discarding the ethanol, the
DNA was air-dried for 10 min and dissolved in 300 pL of ultra-pure water
with heating at 65 °C for 5 min. 10 pL of RNase A (10 mg/mL) was added
and the sample was incubated at 37 °C for 30 min. The solution was then
mixed with 1 mL of chloroform:isoamyl alcohol (24:1) for 10 min, cen-
trifuged at 1600 g at 4 °C for 10 min, and the supernatant was trans-
ferred to a new tube. DNA was re-precipitated by adding 1/10 volume of
3 M sodium acetate and 2/3 volume of isopropanol, incubated at —20 °C
for 20 min, and centrifuged at 15,000 g at 4 °C for 15 min. The DNA was
finally dissolved in 500 ul of ultra-pure water. Total RNA was extracted
using the DSGT (Dodecyl Sulfate and Guanidine Thiocyanate) extrac-
tion method for next-generation sequencing quality RNA', First-strand
cDNA was synthesized using the RevertAid First Strand cDNA Synthesis
Kit (cat. no. K1622; ThermoFisher). All cDNA samples were diluted
fourfold with ultra-pure water prior to use in qPCR. Primers for qPCR
were designed to anneal to different exons flanked by introns with
amplicon lengths between 140 bp and 170 bp. Each reaction was run
with at least three independent biological replicates. qPCR analysis was
performed with qPCRBIO SyGreen Mix (PCR Biosystems) on a PikoReal
96 Real-time PCR instrument (Thermo Scientific). The qPCR data were
analyzed by the comparative 2 method'®. The D6PK-like gene (T.
aestivum protein kinase, XM_044524929) was used as an internal con-
trol. Significant differences were analyzed by two-tailed Student’s ¢-test.
To measure Yr87/Lr85 expression in Ae. longissima accession AEG-6782-
2 and in the Galil x Ae. sharonensis introgression line D42, 2-week-old
seedlings were inoculated with Pt #526-24 and Pst #5006 isolates. Single
leaves from four individual plants were harvested for each treatment at
the time of inoculation (7p) and at 24 hpi, 48 hpi, and 72 hpi. To
determine the efficiency of VIGS, fourth leaves of BSMV-infected D42
plants were collected at 7-14 dpi with the rust isolates. To determine the
level of gene expression at different growth stages of transgenic Fielder
plants, leaves were harvested at seedling, booting, and milk
development stage.

The transgene copy number was measured using Droplet PCR'®,
Briefly, gDNA was extracted from 4-week-old T seedlings via the CTAB
method as described above, digested with 20 U of Haelll enzyme (NEB)
in a 50-pL reaction volume at 37 °C for 16 h, and used as a template.
Droplet digital PCR (ddPCR) was performed via probe chemistry in a
duplex assay for the reference gene PUROINDOLINE-b (PINb)'°*'*” and
the target gene bialaphos resistance (Bar) gene. Bar Probel (Supple-
mentary Data 14) was labeled with HEX at the 5’ end, lowa Black Hole
Quencher at the 3’ end, and with an internal ZEN quencher 9 nucleo-
tides away from the 5’ end. PINb Probe2 (Supplementary Data 14) was
labeled with FAM at the 5’ end, lowa Black Hole Quencher at the 3’ end,
and with an internal ZEN quencher 9 nucleotides away from the 5’ end.
Primers F12-R12 and F13-R13 were used for Bar and PIND, respectively
(Supplementary Data 14). ddPCR reaction mixes were prepared fol-
lowing the instructions in the ddPCR Supermix for Probes (No dUTP)
#1863024 kit (Bio-Rad). Droplets were generated with a QX200 dro-
plet generator (Bio-Rad), and the PCR was run in a C1000 (Bio-Rad)
deep-well thermal cycler. The fluorescence of the droplets was mea-
sured with a QX200 droplet analyzer (Bio-Rad), and the results were
evaluated with the Bio-Rad Quantasoft Pro Software.

Mutational transcriptomics data analysis

The 150-bp paired-end libraries were sequenced by Novogene on an
lllumina Novaseq, producing ~40 million reads per sample. Two tran-
scriptomes were used: a combined de novo-assembled transcriptome
with the parent D42** and the mutant lines; and a reference-guided
transcriptome extracted from the AEG-548-4 annotation whose chro-
mosome fragment was introgressed into the D42 genome. For all
sequenced libraries, raw fastq reads from O hpi, 24 hpi, and 48 hpi were
quality filtered with Trimmomatic v.0.33'® and quality-checked with
Fastqc'” before and after filtering. Trimmomatic was instructed to cut
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bases off the start and the end of a read if below a threshold quality of
20 and if the average quality within a window of 4 nucleotides fell
below the threshold of 20. For de novo assembly, high-quality reads
were pooled and de novo-assembled with Trinity v.2.10.0 using default
parameters except to also include super-transcripts. To calculate
expression values at O hpi, 24 hpi, and 48 hpi, reads were first mapped
back to the transcriptome assembly using bowtie2 v.2.3.4.1"° and
samtools v.1.9°7. RNA from D42 and the EMS-mutant D42 lines (mut_78,
mut 109.2, mut_125.5, mut 10.6, and mut_20.2) was extracted and
sequenced at three time points (0 hpi, 24 hpi, and 48 hpi), except for
line mut_20.2 that was only extracted at O hpi and 24 hpi. For the
reference-based transcriptome, AEG-548-4 reads from O hpi, 24 hpi,
and 48 hpi were aligned to the Ae. sharonensis chr6S* assembly using
Star v2.7.1" and the annotation file. For both transcriptomes, tran-
script quantification and Trimmed Mean of M values (TMM) cross-
normalization were computed with the RNA-Seq by Expectation
Maximization method v.1.3.0"2, Statistical analyses were conducted in
R'. The BLASTx program of the BLAST+ tools'® was used to search
and functionally annotate the transcriptomes against the Uniprot-
Viridiplantae database™. The —e value parameter was set to 1 x E-20
and -max_target _seqs to 1, to report only the top alignment, with
otherwise default parameters.

To aid in identifying functional resistance genes, the NLR-
Annotator tool™ was used to annotate the intracellular immune
repertoire. The NLR-Annotator pipeline is divided into three steps: (1)
dissection of genomic input sequence into overlapping fragments; (2)
NLR-Parser, which creates an xml-based interface file; and (3) NLR-
Annotator, which uses the xml file as input, annotates NLR loci, and
generates output files based on coordinates and orientation of the
initial input genomic sequence. The pipeline was run on the de novo-
assembled genomic scaffolds and de novo-assembled pooled tran-
scripts, as well as on the AEG-548-4 annotated transcripts, using the
MEME suite v.5.0.1.1"° and otherwise default configuration.

Phylogenetic analysis

The maximum likelihood phylogenetic tree based on NBS domains of
NLRs from grasses was constructed according to Bailey et al.*’. Briefly,
NB domains were trimmed and aligned using HMMer (v3.1b2) hmma-
lign using the HMM profile*” and parameters “trim” and “amino”. Full
length NLRs in the YR87/LR85 clade were aligned using kalign (v3.3)
using default parameters. Both trees were constructed using RAXML
(v8.2.11) using the JTT substitution model. Bootstrapping was per-
formed using 1000 bootstraps. Using BLASTp (protein-protein
BLAST), the YR87/LR8S predicted amino acid sequence was searched
for sequence similarities in the monocot taxonomy. BLAST was per-
formed on a database of non-redundant protein sequences and the
obtained results were filtered with a percentage identity of 60-90%.

Structural analysis and three-dimensional modeling

The secondary protein structure of YR87/LR85 was predicted using
NLRScape (https:/nirscape.biochim.ro/)"”, and the number of LRR
repeats was analyzed using LRR predictor (https:/Irrpredictor.
biochim.ro/)"”. The 3D structure was predicted using Phyre2 (http://
www.sbg.bio.ic.ac.uk/-phyre2/)*" and the AlphaFold2 (v2.3.1)"°
inference pipeline using an NVIDIA A100 GPU processor using the
monomer model and max template date of July 26th, 2023. Visualiza-
tion was performed using ChimeraX (v1.7.1) and PyMol (v2.5.2).
Structural homologs search was performed using FoldSeek (https://
search.foldseek.com/search)'.

Phenotyping, sequencing, and association genetics of the Ae.
longissima diversity panel

Genotyping-by-sequencing data® and phenotypic disease resistance
data® of the collection were used to select 244 genotypically and
phenotypically diverse accessions using Core Hunter R package'” for

the AgRenSeq experiment (Supplementary Fig. 17). To filter genes
representing the NLR repertoire, the extracted DNA was subjected to
NLR capture using a pan-cereal NLR oligo array Tv_3 (Arbor Bios-
ciences, Michigan, USA)', and the captured DNA was sequenced on an
Illumina HiSeq with 150-bp paired-end reads (Novogene, China). Then,
36 genotypes were selected and sequenced with 250-bp paired-end
reads to use as references in AgRenSeq. To assemble contigs of these
36 samples, BFC was used for error correction, k=128 was selected
(based on the kmergenie (http://kmergenie.bx.psu.edu/) estimate),
and the contigs were assembled using minia (https://github.com/
GATB/minia). Association genetics was then used to identify candidate
rust-resistance genes'®.

Allele mining

An iterative process of de novo assembly and k-mer fingerprinting
were used to define the allelic variation in Ae. sharonensis and Ae.
longissima. Initially, genomic data for AEG-546 was used to define the
exon regions carrying the open reading frame of Yr87/Lr85. De novo
assembly was performed with minia (v3.2.5) using default parameters.
k-mer fingerprinting was performed using the k-mer analysis toolkit
(KAT) ‘sect’ command using Yr87/Lr85 exonic coding sequence as a
template and raw RenSeq data as input with default parameters. This
process was repeated when an accession was not fully classified based
on previously established diversity. The mined alleles were aligned
using MUSCLE'? and the resulting multiple alignment was subjected to
recombination detection using recombination detection program
RDP'Z, Maximum likelihood (ML) phylogenetic tree as implemented in
RDP was inferred from the multiple alignment and plotted with indi-
cation of species and geographic locations of the tree tips using in
house R script.

Preparation of recombinant DNA fragments and plasmid
constructs

The binary vector pRC3646 (Wisconsin Crop Innovation Center,
Madison,WI, USA) that contains the Bar selectable marker gene was
used as the backbone for plasmid construction. Two genomic frag-
ments, 3831 bp upstream of the start codon and 1413 bp downstream
of the stop codon of Yr87/Lr85, were PCR-amplified from gDNA of the
Ae. longissima resistant accession AEG-6782-2. Due to the large size of
introns (>12 kb), four fragments that contained no more than 1.0 kb of
each intron were generated to express a genomic clone (Supplemen-
tary Fig. 5). Four different fragments containing the exons and 5’ and 3’
short regions of the flanking introns were amplified. These four DNA
fragments were ligated and cloned into a Bsal-digested pUDP vector
using the NEB Golden Gate Assembly Kit (BsmBI-v2) and transformed
into DH5a competent Escherichia coli cells. PCR amplification of the
cloned gDNA fragment produced a 6490 bp DNA fragment containing
the four exons, two shortened introns, and the intact third intron.
Next, the gene fragment was combined with the 5 UTR and promoter
(3831 bp) and 3’ UTR and terminator (1413 bp) fragments using Gibson
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs),
cloned into the Bsal-digested pRC3646 vector, and transformed into
NEB STable Competent E. coli cells. The cDNA construct was similarly
produced but used the full-length Yr87/Lr85 CDS. Both plasmids were
fully sequenced before transfer to Agrobacterium tumefaciens strain
AGL-1 for wheat transformation; details of primers (F1-R1-F7-R7) are
listed in Supplementary Data 14.

VIGS

The BSMV vectors (pa, pf, py:null, and py:TaPDS) utilized for gene
silencing were based on the corresponding constructs'**. The py vector
is modified to contain a ligation-independent cloning (LIC) site to
permit direct cloning of the VIGS target sequences. The py:TaPDS
vector (py with the T. aestivum phytoene desaturase (PDS) gene frag-
ment) was used as a positive control, and the py:null vector without
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insert was used as a negative control. To identify targets with minimal
or no homology to off-target genes, the Yr87/Lr85 sequence was ana-
lyzed using si-Fi (siRNA Finder; http://labtools.ipk-gatersleben.de/)
against the entire wheat cDNA annotation IWGSC RefSeq
v1.0 (http://plants.ensembl.org/Triticum_aestivum/Info/Index). Two
regions (5 UTR, 243 bp = VIGS1; exon 2, 188 bp = VIGS2) were selected
as VIGS target sequences. Target sequences were produced via reverse
transcription PCR (RT-PCR) using total RNA extracted from healthy Ae.
longissima AEG-6782-2 leaves. The py vector was linearized with
restriction enzyme Apal (New England Biolabs, R0114S) at 25°C for2 h
to produce a LIC cloning site. Both the linearized py vector and purified
PCR product were then treated with T4 DNA polymerase (New England
Biolabs) to generate the complementary sticky ends. The treated PCR
products were mixed with 2 uL treated py vector to allow ligation. The
mixture was transformed into competent DHS5a E. coli cells. Plasmids
were purified from PCR-verified bacteria and Sanger-sequenced. The
verified plasmids were introduced into A. tumefaciens strain GV3101 by
electroporation and plated on LB agar containing kanamycin (50 pg/
mL) and rifampicin (25pg/mL). Single colonies were propagated
overnight, diluted 1:50, and grown at 30 °C overnight. Cultures were
spun down and cells were re-suspended in infiltration medium (10 mM
MES, 10 mM MgCl,, 200 pM acetosyringone), adjusted to a final optical
density of 1.0 at 600 nm, and incubated at room temperature without
shaking for 3h or longer. Equal volumes of A. tumefaciens strains
carrying either the py:VIGSL, py:VIGS2, py:TaPDS, or py:null construct,
pa and pp were combined and infiltrated into the adaxial side of
4-week-old Nicotiana benthamiana leaves using a 1-mL syringe. The
infiltrated N. benthamiana leaves were harvested 6 days post-
agroinfiltration and ground using a pre-chilled mortar and pestle in
10 mM potassium phosphate buffer (pH 7.0) containing 1-2% (w/v)
Celite 545 AW (Sigma-Aldrich) abrasive. The extracted sap was then
used to rub-inoculate the second leaf of two-leaf stage wheat seedlings.
Plants were inoculated with rust isolates 13 days after virus infection,
and symptoms were recorded after 7 days and 14 days for leaf and
stripe rust, respectively.

Transformation and evaluation of rust resistance in transgenic
wheat seedlings

Final confirmation of Yr87/Lr85 activity was performed by generation
of transgenic wheat lines using Agrobacterium tumefacience-mediated
transformation of immature embryos of wheat cv. Fielder?® with the
Yr87/Lr85 constructs, and testing the response of the transgenic plants
to leaf and stripe rust isolates. The validated binary vectors
PRC3646:Lr cDNA or pRC3646:Lr gDNA were co-transformed with
pVSI-VIR (Addgene'”) into A. tumefaciens strain AGL-1 using the heat-
shock method. The AGL-1 strains were verified to contain a binary
vector harboring the candidate gene and the pVSI-VIR helper plasmid
by PCR. The transformed plants were screened by PCR using primers
against the Bar and Yr87/Lr85 genes (F8-R8 and F9-R9, respectively,
Supplementary Data 14), by RT-PCR using primers against the Yr87/
Lr85 and D6PK-like genes (F10-R10 and F11-R1l, respectively, Supple-
mentary Data 14), and by spraying with a Basta (glufosinate ammo-
nium). The T; plants expressing the Yr87/Lr85 gene were infected with
spores of the leaf rust isolates #12460 and #526-24 to assess the
resistance level as described above in “Plant inoculation and
phenotyping”.

Microscopy

To visualize the infection area, the infected leaves were detached at
2dpi and 14 dpi and stained with WGA-FITC (L4895-10MG; Sigma)”
with minor modifications. Leaves were cut into 2-cm pieces and placed
in a 10-mL centrifuge tube with 5mL 1 M KOH and 0.05% Silwet L-77.
After 12 h, the KOH solution was gently poured off and the leaves were
washed with 10 mL of 50 mM Tris (pH 7.5). This solution was then
replaced with another 10 mL of 50 mM Tris (pH 7.5). After 20 min, the

Tris solution was removed and replaced with 5mL 20 pg/mL WGA-
FITC. The tissue was stained for 15 min and then washed with 50 mM
Tris (pH 7.5). The WGA-FITC-stained tissue was examined under blue
light excitation with an Axio Zoom V.16 (Zeiss). The staining of
Hydrogen Peroxide was performed using DAB'.

Genome assembly

Ae. longissima libraries were sequenced by Novogene (https://en.
novogene.com) on a PacBio Sequel II' using six SMRT cells*'*%, A
SMRTbell library was generated by fragmenting gDNA to appropriate
sizes. The DNA fragments were damage-repaired, end-repaired, and
A-tailed. The SMRTbell library was produced by ligating universal
hairpin adapters onto double-stranded DNA fragments. After the
exonuclease and AMPure PB beads purification steps, the sequencing
primer was annealed to the SMRTbell templates, followed by binding
of the sequencing polymerase to the annealed templates. The software
SMRTIlink was used to filter and process original sequencing results
with the minLength 0 and minReadScore 0.8 parameters. The HiFiread
assembly was done using hifiasm (https://github.com/chhylp123/
hifiasm; version 0.14) with default parameters. The pseudomolecules

were constructed using the TRITEX pipeline'”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw Chrom-Seq and RNA-seq data used for MutChromSeq,
AgRenSeq, and PacBio reads used for de novo whole-genome assem-
blies were deposited in the European Nucleotide Archive (ENA) under
project numbers PRJEB64238, PRJEB64239, and PRJEB58051, respec-
tively. The Yr87/Lr85 gene and transcript sequences have been
deposited to NCBI under accession PP897794. Seeds of Ae. longissima
accession AEG-6782-2 [https://www.genesys-pgr.org/a/70e40670-
d268-4260-b249-99599de7a833] and Ae. sharonensis accession
AEG-548-4 [https://www.genesys-pgr.org/a/ee4141c7-f78d-41a7-802f-
84c42ab71c0c] have been deposited in the Lieberman-Okinow gene
bank at the Institute for Cereal Crops Research (ICCR) at Tel Aviv
University (https://en-lifesci.tau.ac.il/iccr). The D42 introgression
parental line and its mutants are also available from ICCR at Tel Aviv
University. The following public databases/datasets were used in this
study: Chinese Spring reference genome'”, Gramene (http://www.
gramene.org/), BLAST non-redundant protein sequence (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=
BlastSearch&LINK_LOC=blasthome). Source data are provided with
this paper.
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