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Abstract

Septoria tritici blotch (STB), caused by the Dothideomycete fungus Zymoseptoria tritici, is of
one of the most damaging diseases of bread wheat (Triticum aestivum)! and the target of
costly fungicide applications2. In line with the fungus” apoplastic lifestyle, STB resistance
genes isolated to date encode receptor-like kinases (RLKs) including a wall-associated
kinase (Stb6) and a cysteine-rich kinase (Stb164q)34. Here, we used genome-wide association
studies (GWAS) on a panel of 300 whole-genome shotgun-sequenced diverse wheat
landraces (WatSeq consortium) to identify a 99 kb region containing six candidates for the
Stb15 resistance gene. Mutagenesis and transgenesis confirmed a gene encoding an
intronless G-type lectin RLK (LecRK) as Stb15. The characterisation of Stb15 exemplifies the
unexpected diversity of RLKs conferring Z. tritici resistance in wheat.


https://doi.org/10.1101/2023.09.11.557217

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557217; this version posted September 12, 2023. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Main

The domestication of wheat 10,000 years ago heralded the dawn of modern agriculture in
western Eurasia® whilst providing an opportunity for the specialisation of an uninvited
guest: the fungal pathogen Zymoseptoria tritici®>. Understanding and bolstering genetic
resistance could aid in reclaiming ~24 million tonnes of yield lost to STB each year??.

During its interaction with wheat, Z. tritici colonises the apoplast through the stomata and
commences a period of asymptomatic growth wherein effectors are released: molecules that
suppress host defences or make the host amenable to colonisation®. Host resistance proteins
may directly or indirectly recognise these effectors and modulate defence responses,
described in apoplastic interactions as effector-triggered defence or the ‘invasion model -1,
If undetected, the pathogen switches to its necrotrophic life stage, resulting in the release of
host nutrients and the rapid growth and proliferation of the pathogen?2. Symptoms
ultimately manifest as necrotic lesions on the leaf surface containing pycnidia (asexual
fruiting bodies), which produce conidia that may disperse up to one metre by rain splash,
allowing further cycles of colonisation and thus quick progress of the disease??.

Twenty-three major genes controlling isolate-specific resistance to STB (Stb genes) have been
mapped in wheat!4-16, but Stb gene cloning has lagged behind efforts for other wheat
diseases. Stb6 on chromosome 3AS, conferring race-specific resistance to Z. tritici317 encodes
a wall-associated receptor kinase (WAK), a subfamily within the receptor-like kinase (RLK)
family in plants, with a galacturonan-binding domain?. Stb16q on chromosome 3D1¢ encodes
a cysteine-rich receptor kinase (CRK) with two DUF26 domains*. Thus, the two Stb genes
cloned to date encode RLKs with extracellular domains which have a putative sugar-
binding function. Stb15 is a major gene for resistance to Z. tritici isolate IPO88004, mapped to
a 36 cM region in the cultivar Arina?®. It is a good candidate for cloning due to its large
phenotypic effect resulting in full resistance, which is rare amongst Stb genes!4, and is
important due to its presence across the breadth of European wheat cultivars2.

Here we apply genome-wide association studies (GWAS) to map resistance to STB in the
diverse Watkins collection of pre-Green Revolution wheat landraces, which provides the
opportunity to study interactions with STB in a well-adapted yet highly genetically diverse
context?122, GWAS harnesses naturally-occurring population structures in collections of
accessions representing the genetic and phenotypic diversity of a species”23. Well-curated
and sequence-configured panels can be tested for correlations with multiple phenotype
datasets to potentially map many genes from a single population. For a truly unbiased
approach, whole-genome shotgun (WGS) sequencing can be employed to access the entire
genetic diversity of a panel. Sequence reads can then be aligned to a reference genome and
the resulting SNP calls used for GWAS.

STB symptoms elicited by the Z. tritici isolates IPO323, avirulent to Stb6'7, and IPO88004,
avirulent to Stb1519, were scored across 300 Watkins landraces (Fig. 1a). This core panel was
selected to maximize genetic representation?t. Leaf damage (necrosis and chlorosis), and
pycnidial coverage are usually, but not always, correlated?. Both phenotypes were recorded
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74  at 5-6 timepoints for calculation of the area under the disease progress curve (AUDPC),
75  followed by logit transformation and linear mixed modelling (Supp. Tables 1-4).
76
77 A SNP matrix generated from WGS sequencing data of wheat cultivars and landraces was
78  mapped to Chinese Spring and employed for GWAS (WatSeq consortium). As a positive
79  control to ensure the suitability of the experimental system for mapping via this method,
80  Stbb was successfully restricted to a discrete genomic interval in the core Watkins panel. We
81  screened IPO323 on the Watkins core panel and ten control cultivars (Supp. Table 5),
82  including Chinese Spring which has the functional allele of Stb63 (Fig. 1b). An interval on
83  chromosome 3A was associated with both leaf damage and pycnidia phenotypes (pycnidia:
84  Fig. 1c; leaf damage: Supp. Fig. 1). SNPs in the 3A locus were highly associated with
85  pycnidia, with a -logiop-value of almost 30. Within this region, a linkage disequilibrium (LD)
86  block extending from 26.10 to 27.50 Mb was identified. A smaller haploblock within it was
87  most highly associated with resistance, from 26,035,170 to 26,238,727 bp (Supp. Fig. 2). This
88  203.6 kb region contained six genes, including Stb6 (Fig. 1c).
89
90  We then proceeded to identify Stb15 by inoculating the panel with IPO88004 and employing
91 GWAS. Several regions were associated with STB phenotypes (pycnidia: Fig. 1c; leaf
92  damage: Supp. Fig. 3). A locus on 6AS had the highest p-value for both pycnidia and
93 damage traits and spanned a 99.1 kb region between 485,503,26 and 485,994,21 bp
94  containing six genes. Comparison of gene sequences between ArinalLrFor and Chinese
95  Spring combined with correlation of haplotypes with the responses of landraces to IPO88004
96  excluded five of these genes (Supp. Table 6; Supp. Fig. 4). The remaining gene,
97  TraesCS6A02G078700/ TraesARI6A03G03215890, is predicted to encode an RLK and is
98  strongly associated with isolate-specific resistance to IPO88004 (Fig. 1b), so was selected as
99  the most likely candidate for Stb15.
100
101  We also observed a significant association of pycnidia cover of IPO88004 with a locus on
102 chromosome 2BL which spanned 755 to 775 Mb and contained 241 genes. When we
103  removed the masking effect of lines carrying Stb15, the significance of the 2BL resistance
104  increased one-thousand-fold (Supp. Fig. 5). Stb9 has previously been mapped to 2BL2 but is
105  outside of this locus (at ~808 Mb)?” and accessions which display resistance to IPO89011, an
106  isolate which is avirulent on Stb9, are not always resistant to IPO880042028 (Supp. Table 7).
107  Therefore, the LD block appears to be a novel locus for resistance to Z. tritici, temporarily
108  designated as STBWWVat1.
109
110 TraesCS6A02G078700/ TraesARI6 A03G03215890 was confirmed as Stb15 by a combination
111  of mutagenesis and transgenesis and shown to be a lectin receptor kinase (LecRK). We
112 screened 3,308 plants from 307 M2 families of an EMS-derived mutant population of cv.
113  Arina for resistance to IPO88004 and identified three independent susceptible mutants (Fig.
114 2a,b). All three of these mutant plants had one non-synonymous transition mutation in the
115  openreading frame of the Stb15 candidate. The gene encodes a G-type lectin receptor kinase
116  (LecRK)? with an intracellular serine/threonine receptor-like protein kinase (S/TPK) and
117  three extracellular domains: a mannose-specific bulb-type lectin (BTL), an S-locus
118  glycoprotein (SLG), and a plasminogen/apple/nematode (PAN) domain. All three of the
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119  induced mutations resulted in replacement by larger amino acids in the BTL and kinase

120  domains. In an AlphaFold model (Fig. 2c), all three residues were in locations where

121  mutations would be predicted to cause disruption to the protein structure. To confirm the
122 function of the candidate gene we synthesized a 10.9 kb genomic sequence containing 2 kb
123  and 1.5 kb of 5" and 3’ regulatory sequence from Arina into a binary vector and transformed
124  wheat cv. Fielder, which is susceptible to isolate IPO88004. We obtained two independent
125  homozygous single-copy T2 transgenic lines which conferred resistance to IPO88004

126  whereas their respective nulls were susceptible, indicating that the isolated gene sequence is
127  sufficient to confer the Stb15 phenotype (Fig. 2d; Supp. Table 8-9). Transgenic lines with
128  four and six to eight copies of Stb15 were also resistant relative to the controls.

129

130  The functional allele of Stb15 is present across the geographic (Fig. 3a) and genetic (Fig. 3b)
131  diversity of the Watkins core 300 collection, although it occurs in only 15% of landraces. It is
132 often present alongside Stb6, which is more common (78%). Alleles were defined based on
133 SNP distance (Supp. Fig. 4; Supp. Table 10-11). 14% of landraces displayed resistance to Z.
134 tritici which could not be explained by either gene. Unexplained resistance to IPO88004 (36
135  landraces) could be due to STBWat1 (Fig. 1c). Stb15 is also present in 35% of European

136  cultivars tested using KASP markers (Supp. Table 12).

137

138  Forty-eight proteins from 16 Poaceae species shared homology with the Arina/ArinaLrFor
139  Stbl5 protein (Supp. Fig. 6; Supp. Table 13). Homologous genes encoding the protein

140  sequences were found to be conserved across the Group 6 chromosomes within the Triticeae
141  (Fig. 3c), but were also present on other chromosomes, especially Groups 3, 4 and 7 (Supp.
142  Fig. 6).

143

144  We detected intron/exon structural diversity in gene annotations of proteins with homology
145  to Stb15 across the Poaceae, including within T. aestivum (Fig. 3c). The functional allele of
146  Stbl) is intronless, whilst in cv. Chinese Spring, lacking the Stb15 phenotype, the gene has
147  four introns. An intronless gene structure was also observed in gene annotations of 22

148  homologous proteins both within the Triticeae tribe (Triticum, Aegilops and Hordeum) and
149  beyond it (Brachypodium and Avena), especially on Group 3 and 6D/6S chromosomes. Stb15
150  clustered most closely to the Chinese Spring 6D and Aegilops bicornis 6S homologs,

151  suggesting that the functional allele of Stb15 may have originated from the D or S genomes,
152 which share high sequence homology?3.

153

154  Within the inner Stb15 clade, the kinase and PAN domains were highly conserved whilst the
155  region spanning the BTL and SLG domains was variable (Fig. 3d), suggesting it may be

156  under diversifying selection.
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157  Characterisation of the third Stb gene from a distinct subclass of the RLK protein family has
158  the potential to enhance molecular understanding of the wheat-Z. tritici interaction,

159  providing new opportunities for research and disease control. In addition, this research

160  demonstrates the power of GWAS to greatly accelerate gene cloning for traits which are

161  poorly understood at the molecular level. One of the factors that may limit the success of
162  GWAS s population structure.. In this study, the presence of Stb15 and Stb6 in Watkins

163  landraces that spanned the breadth of the genetic diversity of the panel was likely decisive
164  to their successful mapping (Fig. 3a,b). Such wide distributions of allelic variation across the
165  full range of relevant germplasm allow the effects of genes of interest to be separated from
166  those of kinship. Such a distribution may be more likely for genes which were introduced
167 early into cultivated hexaploid wheat, which appears to be the case of Stb6 known from both
168  Europe and East Asia32. Likewise, Watkins lines with Stb15 were obtained across the

169  breadth of Eurasia as well as North Africa.

170

171  The diversity of intron/exon gene structures amongst Stb15 homologs is unusual when

172 compared to nucleotide-binding leucine-rich repeats (NLRs) for which gene structures tend
173 to be conserved®. Leucine-rich repeat membrane-anchored proteins without intracellular
174  kinases control resistance to the related Dothidiomycete fungus Cladosporium fuloum, the
175  causal agent of leaf mold in tomato34, many of which3> share the intronless open reading

176  frame exhibited by the functional allele of Stb15. Possibly, intronless gene structures have
177  been conserved whilst intron gain has occurred in e.g. the Chinese Spring allele.

178

179  Stb15 has more extracellular domains compared to Stb6 and Stb16g, and the diversity of RLK
180  subclasses conferring resistance is unusual compared to Cf genes but similar to genes

181  conferring resistance to blackleg disease in Brassica spp.3¢37. Equally, there are similarities
182  shared by Stb proteins: they are transmembrane proteins with extracellular domains with a
183  putative sugar-binding function and an intracellular kinase. Both the DUF26 domains of
184  Stbl6q and the G-type lectin domain of Stb15 likely bind mannose, a building block of

185  mannan found in cell walls of both fungi’* and wheat*. Detection of a conserved PAMP fits
186  the function of lectins which form part of basal plant immunity and are involved in stomatal
187  innate immunity responses in Arabidopsis thaliana*, and LecRKs confer non-host or marginal
188  host resistance to leaf rust in barley#!. This role could make Stb15 a target for suppression by
189  the pathogen or it could be part of a guard/guardee pair#, triggering isolate-specific

190 resistance. Alternatively, the interaction could resemble that of the tomato receptor Cf-4 and
191  Avr4, a passive C. fulvum effector which binds chitin to avoid breakdown by the host plant34.
192 Another possibility is that Stb15 binds glycoproteins; AFP1 in maize was previously thought
193  to bind chitin but in fact interacts with chitin deacetylases, most likely via their

194  mannosylated group*.

195

196  LecRKs have been found to bind to secreted proteins, e.g. a Phytophthora spp. effector4,

197  which may also be the case for Stb15. A candidate gene for AvrStb15 encoding a small

198  secreted protein (SSP) has been suggested?>, but further work will be needed to determine
199  the nature of its interaction with Stb15. There is thus far no evidence of a direct interaction
200  between Stb6 and AvrStbb6, also encoding a cysteine-rich SSP34647, In conclusion, our study
201  highlights the importance of elucidating the diverse roles of Stb-AvrStb pairs in defence
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202  induction for understanding the genetic basis of resistance in this economically important
203  pathosystem.

204
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246
247  Materials and Methods

248  Plant and pathogen material

249  Of the total 826 lines in the Watkins collection, we used a core set of 300 lines representing
250  the majority of genetic variation present in spring growth types?4. Wheat control lines were
251  included in all assays, with lines selected based on known response to Septoria or strategic
252  importance (Supp. Table 5). Both Arina and ArinaLrFor were used for analyses or

253  experiments pertaining to Stb15 as they carry the same allele. ArinaLrFor is a genotype

254  derived from a cv. Arina x cv. Forno cross and further backcrossing with Arina, where cv.
255  Forno is susceptible to IPO88004, so the resistance in ArinalLrFor should come from the

256  Arina allele of Stb15. Seeds of wheat cultivar ArinaLrFor (PANGO0001) are available from the
257  Germplasm Resources Unit, John Innes Centre, Norwich, UK

258 (https:/ /www.jic.ac.uk/research-impact/ germplasm-resource-unit/). The Z. tritici isolates
259  TPO323 (virulent on 5tb6) and IPO88004 (virulent on Stb15) were used due to known

260  avirulence to Stb6317 and Stb15%9, respectively. IPO323 was isolated in 1981 in The

261  Netherlands* whilst IPO88004 was isolated in Ethiopia in 1988%. A third isolate, [PO90012
262  from Mexico5!, was also included for comparison as a virulent control isolate.

263

264  Design and infection protocol for pathology assays at JIC

265  An alpha lattice design was used for the pathology experiments which consisted of five

266  replicates across incomplete blocks (40-well seedling trays). This allowed the effects of tray
267  and position in the controlled environment room (CER) to be estimated through statistical
268  analysis. The design was generated using the ALPHA setting of the Gendex programme
269  (http://designcomputing.net/gendex/) based on the design principles of Patterson and
270  Williams (1976)%2.

271

272 The following methods are based on those described by Arraiano et al. (2001)33, which in
273 turn followed the methods of Kema et al.50. Multiple seeds of the lines tested were pre-
274  germinated in Petri dishes on filter paper (Whatman 90 mm, Whatman International Ltd,
275  Hadstone, UK) containing 4 ml of 0.2 ppm gibberellic acid. Petri dishes were placed in the
276  dark at room temperature for 48 hours, then moved to the lab bench in daylight for a further
277 24 hours. Germinated seeds were then planted in John Innes peat-based F2 compost in 40-
278  well trays. Trays were placed in a Conviron controlled environment room with a 16-hour
279  photoperiod: day temperature 18°C, night temperature 12°C, photosynthetic photon flux
280  density (PPFD) of 350 pE/m? at plant height. When the second leaf was fully expanded,
281  wusually at around 14 days after germination, inoculum was prepared.

282

283  Sporulating cultures of Z. tritici were grown on potato dextrose agar (PDA) plates for five to
284  seven days under near ultra-violet light (Snijders Micro Clima-Series™ Economic Lux

285  Chamber, Snijders Labs, Tilburg, The Netherlands) for 16 h per day at 18°C. Cultures were
286  then flooded with 3 ml of sterile distilled water and scraped to release conidia. The

287  concentration of conidial suspension was then adjusted to the desired inoculum

288  concentration, typically 106 spores ml™. Conidial concentration was assessed through the
289  use of a Fuchs-Rosenthal counting chamber (Hawksley, Lancing, UK). Two drops of
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290  polyoxyethylene-sorbitan monolaurate (Tween-20; Sigma-Aldrich Chemie Gmbh, Germany)
291  were added per 50 ml of spore suspension.

292

293  Later-formed leaves were cut away so that only the primary seedling leaf remained.

294  Seedlings were then evenly sprayed with spore suspension (20 ml per tray), assisted by the
295  wuse of a turn table (made at JIC), using a Clarke Wiz Mini Air Compressor spray gun kit

296  (Clarke Tools, Dunstable, England).

297

298  Trays were placed on matting within propagators, with two trays per propagator. This

299  allowed trays to be watered from underneath to prevent the inoculum from washing off.
300 The propagators were closed and covered with a black plastic bag for dark incubation. Black
301 bags were removed after 48 hours and propagator lids were kept over trays until seven days
302  after inoculation to increase humidity and therefore the success of infection by Z. tritici. New
303 leaf growth was cut back twice per week to keep the inoculated leaves healthy and facilitate
304  scoring.

305

306  The percentage of leaf area covered by pycnidia and leaf damage was scored by eye four to
307  six times at intervals of two to five days over a period of 10 to 32 days post inoculation,

308 depending on disease progress. Damage was defined as the combined area of necrosis and
309  chlorosis. For imaging, leaves were mounted on A4 paper and scanned with a Canon LiDE
310 120 scanner at 600 DPI using the Canon IJ Scan Utility2 software. The standardised A4

311  image size allowed the dimensions of cropped images to be calculated using Adobe

312  Ilustrator.

313

314  Statistical analysis

315  The area under the disease progress curve (AUDPC) was calculated for each dataset by

316  calculating the area of the trapezium formed between each pair of scoring days on a graph
317  of disease severity over time. The data were analysed for the effects of line, isolate and

318  experimental design factors using linear mixed modelling to account for both random and
319  fixed effects, via the package ImerTest5 in R version 4.2.2. If only fixed effects were

320 involved, the native R analysis of variance aov() function was used. Nested deviance tests
321  were conducted to determine the most concise fixed models that explained as much of the
322  variation in phenotype as possible. The quality of models was assessed by residual plots.
323  Models were fitted to the percentage of the maximum possible AUDPC but if the residual
324  plots indicated non-normality or heteroscedasticity, AUDPC was transformed by the

325  empirical logit transformation using the smallest possible AUDPC value score as a

326  coefficient to avoid logarithms of zero>. Generally, it was possible to analyse damage data
327  on the original percentage scale, whereas pynicidial coverage usually required logit

328  transformation. The estimated mean pycnidia and damage scores for each genotype were
329  obtained through the R emmeans>” package. These calculations were performed in R

330 version4.2.2.

331

332 Genome-wide association study from Watkins collection

333  The markers used for GWAS of Watkins collection were ~10 Mb core SNPs generated from
334  whole genome shotgun sequencing of accessions and alignment to Chinese Spring. Extreme
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335  outlier values of phenotypic data were removed. In addition, we calculate kinship matrix as
336  the covariate using GEMMA-kin. Based on these, we performed GWAS using GEMMA

337  (v0.98.1) with parameters (gemma-0.98.1-linux-static -miss 0.9 - gk kinship.txt) and gemma-
338  0.98.1-linux-static -miss 0.9 -Imm -k kinship.txt). In-house scripts programmed in R were
339  used to visualize these results.

340

341  Estimation of haplotypes/alleles of candidate genes

342 A python script was written to identify the haplotypes of the six candidate Stb genes in the
343  6ASlocus. The script parsed variant call format files (VCFs) generated from the alignment of
344  Watkins and wheat lines to Chinese Spring (see above). This produced a matrix of distances
345  between all accessions which could be used to determine haplotype groups. The R package
346  pheatmap>® was used to generate heatmaps arranged in dendrograms from distance

347  matrices, including associated phenotype data. Various iterations of the VCF parsing script
348  described above were run and plotted in order to identify the most useful variation for

349  haplotype calling. Ultimately, the whole gene sequence was analysed (rather than, for

350 example, exons alone). The dendrogram produced was manually analysed to estimate the
351 number of haplotype groups present. Clusters were then estimated using the cutree function
352  in pheatmap and examined; several iterations were performed to determine the number of
353  clusters/haplotypes which were most informative, particularly for explaining phenotypes.
354  This method was used to determine which Watkins landraces carry the functional Arina
355  allele of the Stb15 candidate as well as the functional Chinese Spring allele of Stb6.

356

357  Generation of figures presenting Stb gene alleles in the Watkins collection

358  Figures wherein Stb gene alleles were plotted (1a, 3a-b) were generated in R using ggplot260
359  and cowplotel. For Figure 3a, the R package ggmap? was implemented for generating the
360 map and plotting coordinates.

361

362 A principal components analysis (PCA) was conducted in R version 4.2.2 using the package
363  vcfR®? to process the WatSeq VCF data for Stb15, the base R prcomp function to compute the
364  PCA and the vegan®* package for further analysis.

365

366 Composite main figures and illustrations were generated in Adobe Illustrator 2023.

367

368  Identification of candidate Stb genes by bioinformatics

369 Candidate Septoria resistance genes were identified by selecting the most likely candidate
370  from the genes in the LD block most highly associated with Septoria response. A number of
371  factors were considered, such as: the SNP p-value (for association with Septoria response),
372 gene class, the presence of differential SNPs between susceptible and resistant wheat

373  varieties, and the strength of correlation of predicted resistant haplotypes with STB

374  responses (described above).

375

376  To further confirm the Stb15 candidate bioinformatically, a second iteration of the GWAS
377  was run with lines carrying predicted functional alleles of the candidate gene removed. This
378  resulted in the loss of the association of the 6AS locus with resistance, implying that the lines
379  that were removed did contain the 6AS resistance.
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380

381  Generation of an Arina EMS population

382  Generation of the Arina EMS population is as described in Kolodziej et al. (2021)48. EMS

383  mutagenesis of cv. Arina was performed with a concentration of 0.6% and 0.45% EMS

384  (Sigma Aldrich, St. Louis, Missouri, USA), respectively. Seeds were incubated for 16 h in

385  water at 4 °C, dried for 8 h on filter paper, and incubated for 16 h with shaking at room

386 temperature in EMS solution. After washing three times for 30, 45, and 60 min, respectively,
387  and for another 30 min under running tap water, seeds were pre-germinated on humid filter
388  paper. Three thousand seeds of BC2F5-85 were mutagenized and pre-germinated seeds

389  were propagated in the field. Single spikes of M0 plants were harvested and M1 plants were
390 grown and harvested in the field.

391

392  Validation of the Stb15 candidate through screening an Arina EMS population

393  When available, 12 seeds per M, family were sown in a mixture of 1/2 blond and 1/2 brown
394  peat mosses (Humustar soil, NPK 14-16-18, SARL Activert, Riom, France) and kept at 6°C
395 for 4 days. Subsequently, the plants were cultivated in a growth chamber equipped with

396  sodium lamps (HQI-TS 250W /D UVS FC2 FLH]1, intensity = 300 pmol m-2 s-1) under a

397  photoperiod of 16 h of light, a temperature of 21°C/18°C (day/night), and a relative

398  humidity of 85%. Fourteen days after sowing, the plants were inoculated by spraying them
399  with a hand sprayer (Elyte 2, Berthoud) with Z. tritici isolate IPO88004. The plants were

400 covered with plastic bags for 3 days before returning to normal conditions. Visual

401  evaluations were conducted at 21 and 28 days post-inoculation (dpi). All M; plants carrying
402  pycnidia were self-pollinated. M; plants were evaluated for resistance to isolate IPO88004,
403  following the procedure described above, with the exception that inoculations were

404  performed on six-centimeter sections in the middle of the second leaf using a paintbrush.
405  Three plants per Ms family were inoculated during two independent experiments. The Z.
406  tritici inoculum was prepared using YG and YPD media following the procedure described
407  in Battache et al.28. Inoculation with concentrations of 1 x 10¢ spores/ml and 1 x 107

408  spores/ml, supplemented with 0.05% (v/v) Tween-20 were used for inoculating M> and M3
409  plants, respectively. The Stb15 candidate gene was sequenced from each susceptible M3

410 plant using Sanger sequencing following PCR amplification using primer pairs

411  Stb15F1/Stb15R1 and Stb15F3/Stb15R3 and the Phusion High-Fidelity Master Mix.

412

413  Primers:

414  Stb15F1: TCCTACTACTAGCCAAGCATGTC

415  Stb15R1: GCCATTGCCGTTAGAAACAG

416  Stb15F3: CTGTTCGAGGGAGGTTCCTA

417  Stb15R3: GTGCAAAGACCGCAGTATGT

418

419  Design of the Stb15 binary vector construct

420 A wheat transformation vector was assembled using standard Golden Gate MoClo assembly
421  (Werner et al.,, 2012) and traditional digestion and ligation cloning. The level 1 plasmids
422  pL1PIR PoUbiP:hpt-int:35sT selection cassett, pICH47742 L1P2 MCS & LacZ (Addgene
423 #48001), and pL1P3ZmUbiP:GRF-GIF:NosT (Addgene #198047) were assembled into the
424  Level 2 acceptor pGoldenGreenGate-M (pGGG-M) (Addgene #165422) binary vector
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425  (Smedley et al., 2021) along with end linker pELE-3 (Addgene #48018). The resulting plasmid
426  was deemed pGGG L2 PvUH GGLacZ GRF-GIF. The Stbl5 gene sequence was analysed
427  using the software Geneious Prime version 2020.2.4 (Biomatters) and two restriction enzymes
428  (Sbfl and Sacl) were chosen for digestion/ligation cloning. The sequence containing the Stb15
429  gene (6077 bp), consisting of 1,917 bp promoter, 136 bp 5’UTR, 2,290 bp CDS, 306 bp 3'UTR
430  and 1,404 bp terminator, was synthesised (Invitrogen, Thermofisher Scientific) with restriction
431  enzyme recognition sites Sbfl and Sacl added to the 5" and 3’ ends, respectively. The Stb15
432  gene synthon was cloned into pGGG L2 PvUH GGLacZ GRF-GIF within the multiple cloning
433 site (MCS) using Sbfl and Sacl digestion/ligation. The resulting plasmid was named pGGG
434 L2 TaStb15 and was electroporated into the hypervirulent Agrobacterium strain AGL1 (Lazo et
435  al.,1991) as previously describe by Hayta et al., (2019).

436

437  Agrobacterium transformation of T. aestivum cv. ‘Fielder’

438  Wheat transformation was performed as previously published by Hayta et al., (2021) with
439  slight modification. The construct incorporated the GRF4-GIF1 technology (Debernardi et al.,
440  2020). Briefly, wheat cv. ‘Fielder’ was grown in a controlled environmental room under a long-
441  day photoperiod (16 h at 600 pmol m=2s-1light, at 20 °C day and 16 °C night). Wheat spikes
442  were collected ~14 days post anthesis (early milk stage GS73) when the immature embryos
443  were 1-1.5 mm in diameter. Under aseptic conditions, immature embryos were isolated from
444  surface sterilised grain.

445  The isolated immature embryos were pre-treated by centrifugation in liquid medium prior to
446  Agrobacterium inoculation. The embryos were transferred to co-cultivation medium, scutellum
447  side up, and incubated at 24 °C in the dark for 3 days co-cultivation. The embryogenic axes
448  were excised and discarded, before transferring the embryos to wheat callus induction (WCI)
449  medium without selection for 5 days at 24 °C in the dark. After 5 days, the embryos were
450 transferred to WCI containing 15 mg L-! hygromycin and incubated at 24 °C in the dark.
451  Subculturing onto fresh WCI with hygromycin selection at 15 mg L-! occurred every two
452  weeks over a 5-week period. For the final, 5th, week on WCI the cultures were maintained in
453  low light conditions at 24 °C. The cultures were transferred onto wheat regeneration medium
454  (WRM) supplemented with 0.5 mg L1 zeatin, and 15 mg L-! hygromycin in deep petri dishes
455 (90 mm diameter x 20 mm) and cultured under full fluorescent lights (100 pM m~2 s-1) with a
456 16 h photoperiod. Regenerated plantlets were transferred to De Wit culture tubes (Duchefa-
457  Biochemie, W1607) containing rooting medium supplemented with 20 mg L-! hygromycin.
458  After approximately 10 days, rooted plants were transferred to soil (John Innes cereal mix in
459  24CT trays) and acclimatised (Hayta et al., 2019). The transgenic plants were maintained
460  under the same growing conditions as donor material with a long-day photoperiod (16 h at
461 600 pmol m=2s71 light, at 20°C day and 16 °C night). Transgenesis was confirmed and
462  transgene copy number analysis performed using Tagman qPCR and probe as described in
463 Hayta et al., (2019). The values obtained were used to calculate transgene copy number
464  according to published methods (Livak and Schmittgen, 2001).

465

466  Experimental validation of the Stb15 transgenics

467  The experiment to test the effect of the Stb15 candidate on Septoria leaf blotch symptoms
468  caused by the Stb15-avirulent Z. tritici isolate IPO88004 was sown in five 40-well seed trays
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469  with two experimental replicates per tray in a randomised design (ten replicates per line).
470  Conditions and infection protocol were as described for JIC pathology experiments above.
471  The percentage leaf area covered by lesions containing pycnidia was analysed by linear
472  mixed modelling of repeated measures. Pycnidial area was logit-transformed to reduce
473  heteroscedasticity. An antedependence order 1 model of repeated measures of logit

474  (pycnidial area) at 21, 25, 29 and 32 days post inoculation (DPI) was used with the

475  individual plant as the experimental subject. The random effect model was Tray (Replicate
476  within Tray was omitted from the model because it did not cause a significant amount of
477  random variation) and the fixed effects model was DPI * (Gene / Line), where the factor
478  Gene indicates whether a wheat line contains Stb15 either as the candidate transgene or by
479  breeding, or alternatively lacks Stb15. Statistical analysis was done with Genstat 22nd

480  edition (VSN International, Hemel Hempstead, UK).

481

482  Identification of intron-exon structure of Stb15

483  RNAseq data for ArinaLrFor generated by Anthony Hall and Manuel Spannagl was mapped
484  to ArinaLrFor using BWA® version 0.7.7 and further processed and indexed via samtools¢6
485  version 1.2. The alignment was then visualised and intron/exon structure was manually
486  annotated in IGV version 2.14.0. This was then confirmed by comparison with annotations
487  generated by Anthony Hall and Manuel Spannagl based on the same RNAseq data.

488

489  Protein structure prediction of Stb15

490 The protein structures encoded by the Stb15 candidate genes in Chinese Spring and Arina were
491  predicted using AlphaFold (version 2.2.0)%. For each protein sequence, the highest-confidence
492 prediction was selected for further analysis. Each protein sequence was also annotated using

493 InterProScan®®. These annotations were visualised on each protein’s structures using PyMol (version
494 2.5.2) and domain boundaries were manually expanded upon to include unannotated amino acid.
495

496  KASP genotyping of European cultivars

497  KASP genotyping was carried out as described in Saintenac et al. (2021)* on 278 European
498  wheat cultivars. The marker sequences were as follows:

499 F=GAAGGTGACCAAGTTCATGCTGGTTTCAACTTGCAATATGATC

500 V=GAAGGTCGGAGTCAACGGATTGGTTTCAACTTGCCATATGATT

501 C=AGTGAACCAGGTGCCAAAAC

502

503  Analyses of sequence evolution

504 Identification of potential Stb15 homologs in plants

505 High-quality reference genome protein annotations of plant species were downloaded
506 (Supp. Table 9). Local blastp databases were generated using command line BLAST®
507 version 2.13.0. The amino acid sequence of the functional Stb15 allele from ArinaLrFor
508 was used as a query sequence for BLAST searches against protein databases of each

509 species. The top 30 hits were recovered to ensure that no potential orthologs or paralogs
510 were missed.

511

512 Protein alignment
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513 A protein alignment was generated using MUSCLE? version 3.8.31 with default settings.
514 Sequences were removed if they contained large (>350 aa) and divergent insertions

515 which disrupted the alignment or if they contained less than two of the domains present
516 in the ArinaLrFor Stb15 sequence. Multiple splice variants were included if their

517 predicted amino acid sequence varied.

518

519 Phylogenetic tree construction and analysis of the Stb15 clade

520 ModelFinder” was used to predict the best evolutionary model for the alignment

521 (JTT+R10) implemented via IQ-TREE”2 version 1.6.10. Branch supports were obtained
522 with ultra-fast bootstrap (UFBoot273) and tree reconstruction was performed using I1Q-
523 TREE. The least-repetitive clade containing Stb15 was extracted and sequence

524 conservation was analysed in Geneious version 2022.2.2. Genome annotations (GFFs) for
525 each ortholog were used to draw gene structures in R version 4.2.2. For the purpose of
526 the figures presented (Fig. 3c and Supp. Fig. 5), all exon annotations for each gene are
527 presented within a single leaf and splice variants were pruned from the tree. The tree
528 image was generated using iTOL7 version 6.

529

530 Alignment for consensus sequence of inner Stb15 clade

531 A small alignment of the inner Stb15 clade was generated by MUSCLE within Geneious
532 version 2022.2.2. It was noticed that the Zea mays homolog

533 Zea_mays_7Zm00001eb119590_P002 was in fact a tandem duplication containing two
534 identical sequences of a protein encoding a partial BIL and full SLG, PAN and S/TPK
535 domains. To reduce disruption of the alignment, one half of this protein sequence was
536 retained. A screenshot of the consensus chart from the Geneious alignment was used in

537 Fig. 3d.
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Fig. 1: Race-specific resistance to Z. tritici in the wheat Watkins landrace panel associates
with discrete disequilibrium blocks. a, Quantitative variation in pycnidia and necrosis
phenotypes. Pictured are leaves arranged by pycnidia coverage. b, Effects of Stb6 and Stb15
on resistance to Z. tritici isolates IPO88004 and IPO323. ¢, Manhattan plots showing the
association of logit pAUDPC response to Z. tritici isolates IPO323 (left) and IPO88004 (right)
with SNPs mapped to Chinese Spring. Linkage disequilibrium (LD) blocks associated with
STB resistance are drawn as arrows beneath the chromosomes (marked in bold) with the 6A
Stb15 candidate gene marked in orange and Stb6 marked in purple.
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Fig. 2: Structure and function of Stb15. a, b, a,b The functional resistance allele of Stb15 in
wheat cv. Arina and ArinaLrFor compared to the susceptible allele in cv. Chinese Spring.
The predicted exons and introns are shown as rounded rectangles and lines, respectively, for
Chinese Spring (RefSeq v1.175) and ArinaLrFor (see Methods). Domains are highlighted: SP =
signal peptide, BTL = bulb-type lectin, SLG = S-locus glycoprotein, PAN =

Wild type Mutants

plasminogen/apple/nematode, TM = transmembrane, S/ TPK = Serine/ Threonine Protein
Kinase. White boxes indicate untranslated regions (UTRs). The sequence and phenotype of
three EMS-induced loss-of-function mutants inoculated with Z. tritici isolate IPO88004 are
indicated. ¢, AlphaFold-augmented 3D structural model of Stb15. The domains are coloured
as in panel a. The location of the three EMS-induced mutations are indicated by dark blue
colouring and red arrows with labels. d, Cultivar Fielder stably transformed with an Stb15
construct and inoculated with isolate IPO88004. 25.7 is a null wherein the transgene
segregated out in the Tz family whilst 11.10 was transformed with the same vector backbone
minus Stb15. Copy number of Stb15 (Stb15) is given as a fixed number or range.
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Fig. 3: Geographic distribution and intra- and inter-species structural diversity of Stb15. a,
Distribution of Stb6 and Stb15 in the Watkins 300 core collection. The map indicates
coordinates of markets from which landraces were collected. Only countries from which
landraces were collected are labelled. Country abbreviations are expanded in Supp. Text 1.
b, Principal Component Analysis (PCA) plot of 300 Watkins landraces with lines containing
predicted functional alleles of Stb6 (purple), Stb15 (orange), both (pink) or neither (grey)
indicated. ¢, Maximum likelihood phylogenetic tree of proteins with homology to the
ArinaLrFor (ArinaLF) Stb15-encoded allele from selected Poaceae species, including the
wheat reference genome Chinese Spring (CS). The smallest non-repetitive (‘inner’) clade
containing Stb15 is shown. The intron/exon structure of Stb15 homologs and their relative
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762  nucleotide lengths are presented (arrow = exon coding sequence, line = intron). Species

763  names and chromosomes are given; Un indicates homologs within scaffolds which have not
764  yet been mapped to chromosomes. Gene IDs for homologs are given in Supp. Table 14. d,
765  Protein alignment of the homologs from panel ¢ with alignment gaps, sequence

766  conservation and predicted protein domains indicated. Taller, greener bars in the

767  conservation panel indicate more conserved regions.
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