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Abstract

Co-evolution between cereals and pathogenic grass powdery mildew fungi is
exemplified by sequence diversification of an allelic series of barley resistance genes
encoding Mildew Locus A (MLA) nucleotide-binding leucine-rich repeat (NLR)
immunoreceptors with a N-terminal coiled-coil domain (CNLs). Each immunoreceptor
recognises a matching, strain-specific powdery mildew effector encoded by an
avirulence gene (AVRa). We present here the cryo-EM structure of barley MLA13 in
complex with its cognate effector AVRa13-1. The effector adopts an RNase-like fold
when bound to MLA13 in planta, similar to crystal structures of other RNase-like
AVRa effectors purified from E. coli. AVRa13-1 interacts via its basal loops with MLA13
C-terminal leucine rich repeats (LRRs) and the central winged helix domain (WHD).
Co-expression of structure-guided MLA13 and AVRAa13-1 substitution variants show
that the receptor—effector interface plays an essential role in mediating immunity-
associated plant cell death. Furthermore, by combining structural information from
the MLA13—AVRAa13-1 heterocomplex with sequence alignments of other MLA
receptors, we designed a single amino acid substitution in MLA7 that enables
expanded effector detection of AVRa13-1 and the virulent variant AVRa13-V2. In
contrast to the pentameric conformation of previously reported effector-activated
CNL resistosomes, MLA13 was purified and resolved as a stable heterodimer from
an in planta expression system. Our study suggests that the MLA13—AVRA13-1
heterodimer might represent a CNL output distinct from CNL resistosomes and
highlights opportunities for the development of designer gain-of-function NLRs.

Keywords: NLR receptors, pathogen effectors, co-evolution, plant immunity, powdery
mildew, cell death
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Introduction

Plant—pathogen co-evolution involves reciprocal, adaptive genetic changes in both
organisms, often resulting in population-level variations in nucleotide-binding leucine-
rich repeat (NLR) immune receptors of the host and virulence-promoting effectors of
the pathogen'. NLRs often detect strain-specific pathogen effectors, so-called
avirulence effectors (AVRSs), inside plant cells, either by direct binding or indirectly by
monitoring an effector-mediated modification of virulence targets?. There are two
main classes of modular sensor NLRs in plants, defined by a distinct N-terminal
coiled-coil domain (CC; CNLs) or a Toll-Interleukin-1 Receptor (TIR) domain, each of
which plays a critical role in immune signalling after receptor activation® 4. A subset
of effector-activated sensor CNLs and TNLs engage additional ‘helper NLRs’ for
immune signalling, some of which contain a HeLo-/RPW8-like domain or a CC at the
N-terminus® €. Immune signals initiated by activated sensor CNLs, sensor TNLs and
helper NLRs converge on a rapid increase in Ca?* levels inside plant cells, often
followed by host cell death, which is referred to as a hypersensitive response (HR)*
7. In the two sensor CNLs Arabidopsis thaliana ZAR1 and wheat Sr35, effector-
induced activation results in pentamerisation of heteromeric receptor complexes,
called resistosomes, which is mainly mediated by oligomerisation of their central
nucleotide-binding domains (NBDs)&'°. Recombinant ZAR1 and Sr35 resistosomes
expressed in Xenopus oocytes exhibit non-selective cation channel activity, and the
ZAR1 resistosome has additionally been shown to insert into planar lipid layers and
display calcium-permeable cation-selective channel activity® . Thus, currently
known structures of effector-activated sensor CNLs indicate the assembly of
multimeric CNL resistosomes that mediate Ca?* influx in plant cells, ultimately
leading to HR3.

In the sister cereal species barley and wheat, numerous disease resistance
genes have been identified that encode CNLs conferring strain-specific immunity
against the pathogenic grass powdery mildew fungi Blumeria hordei (Bh) or Blumeria
tritici (Bt). Co-evolution with these Ascomycete pathogens has resulted in allelic
resistance specificities at some of these loci in host populations, with each
resistance allele conferring immunity only to powdery mildew isolates expressing a
cognate isolate-specific AVR effector’?'6, The Bh avirulence effectors AVRa1, AVR s,
AVRAa7, AVRag, AVRA10, AVRA13, and AVRa22 have been characterised and are
recognized by the matching MLA receptors, MLA1, MLA6, MLA7, MLA9, MLA10,
MLA13 and MLA22, respectively'”-19, Although these AVRas are unrelated at the
sequence level, with the exception of allelic AVRa10 and AVRa22, structural predictions
and the crystal structure of a Bh effector with unknown avirulence activity
(CSEPO0064) suggested that they share a common RNase-like scaffold with a greatly
expanded and sequence-diversified effector family in the genomes of grass powdery
mildew fungi, termed RNase-like associated with haustoria (RALPH) effectors’9-22,
The crystal structures of Bh AVRas, AVRA7-1, AVRa10 and AVRa22 validated this
hypothesis and revealed unexpected structural polymorphisms between them that
are linked to a differentiation of RALPH effector subfamilies in powdery mildew
genomes?3. The crystal structure of the RALPH effector AvrPm2a from Bt, detected
by wheat CNL Pm2a, was also determined and belongs to a RALPH subfamily with
34 members, which includes Bh AVRa13, Bh CSEP0064 and Bt E-5843'¢: 23, For both
barley MLA and wheat Pm2a, co-expression of matching receptor—avirulence pairs is
necessary and sufficient to induce cell death in heterologous Nicotiana
benthamiana'®-'°. Similar to several other sensor CNLs, including ZAR1 and Sr35,
mutations in MLA's MHD motif of the central NBD result in constitutive receptor
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98 signalling and effector-independent cell death (e.g., autoactive MLA10P%02V and

99  MLA13D%02V)24-26 \While yeast two-hybrid experiments and split-luciferase
100 complementation assays indicate direct receptor—effector interactions for several
101  matching MLA—-AVRA pairs, similar assays suggest that wheat Pm2a indirectly
102  detects AvrPm2 through interaction with the wheat zinc finger protein TaZF'8. 19,27,
103 The LRR of Pm2a mediates association with TaZF and recruits the receptor and
104 AvrPm2a from the cytosol to the nucleus. However, the structural basis for how the
105 MLA and Pm2 CNLs either directly or indirectly recognize RALPH effectors is
106 lacking.
107 In this study, we used transient heterologous co-expression of barley MLA13
108  with its matching effector AVRa13-1 in N. benthamiana leaves and affinity purification
109 of heteromeric receptor complexes to confirm that the effector binds directly to the
110 receptor. In contrast to the pentameric wheat Sr35 resistosome bound to AvrSr35 of
111 Puccinia graminis f sp tritici (Pgt), we find that the MLA13—AVRAa13-1 heterocomplex
112  is purified as a stable heterodimer and resolved using cryo-EM at a global resolution
113 of 3.8 A. Structural insights into the receptor—effector interface then served as a
114  basis for structure-guided mutagenesis experiments. We co-expressed wild-type or
115 mutant MLA13 and AVRa13-1 in barley leaf protoplasts and heterologous N.
116  benthamiana leaves to test the relevance of effector-receptor interactions revealed
117 by the cryo-EM structure and their roles in immunity-associated cell death in planta.
118  Combining structural data with an in-depth sequence alignment between MLA
119 receptors led to identification of a single amino acid substitution in the MLA7 LRR
120 that allows expanded RALPH effector detection. We suggest that the stable
121 heterodimeric MLA13—-AVRAa13-1 complex may represent an intermediate receptor—
122  effector complex, and the equilibrium between this complex and pentameric CNL
123 resistosomes might be differentially regulated among different sensor CNLs.

124

125 Results

126

127  The in planta-expressed MLA13-AVRa13-1 heterocomplex is resolved as a

128  heterodimer

129  We co-expressed N-terminal GST-tagged MLA13 with C-terminal twin-Strep-tagged
130 AVRa13-1in leaves of N. benthamiana via Agrobacterium-mediated transformation to
131 facilitate the formation of potential receptor—effector heterocomplexes in planta,

132 followed by affinity purification for structural studies. We observed that the

133 substitutions MLA13K8E/KI00E ‘|ocated in the CC domain, abrogate effector-triggered
134  receptor-mediated cell death but not when MLA13K%8EK100E was combined with the
135 autoactive substitution D502V (MLA13K98E/KI00EDS02V). Extended Data Fig. 3).

136  Autoactivity of MLA13K98E/KI00E/DS02V jndicates that the MLA13K98EKI00E gypstitutions
137  do not generally disrupt receptor-mediated signalling. The MLA13K98E/K100E ygrignt
138  allowed us to express and purify these proteins while avoiding any effect of in planta
139 cell death on receptor accumulation. Analogous substitutions were introduced in the
140 helper CNL AfNRG1.1 which impair its cell death activity and reduces association
141  with the plasma membrane whilst retaining oligomerisation capability?.

142 Affinity purification via the twin-Strep-tag on AVRAa13-1 resulted in the

143  enrichment of both AVRa13-1 and MLA13 as demonstrated by SDS-PAGE analysis
144  (Extended Data Fig. 1). A subsequent affinity purification via the GST tag on MLA13
145  resulted in the enrichment of MLA13 with concurrent co-purification of AVRa13-1

146  (Extended Data Fig. 1), indicating that MLA13 and AVRa13-1 formed a
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147  heterocomplex. Further analysis of the sample by size exclusion chromatography
148 (SEC) revealed that the heterocomplex elutes at a volume implying a molecule

149  significantly smaller than a hypothetical multimeric MLA13 resistosome (Fig. 1a). In
150 line with the SEC results, negative stain transmission electron microscopy (TEM)
151 analysis revealed homogeneous particles with a diameter of approximately 10 nm,
152  suggesting a 1:1 heterodimer of MLA13—-AVRAa13-1 rather than multimeric

153  resistosome assemblies (Fig. 1b). Notably, star-shaped particles characteristic of
154  pentameric resistosome assemblies such as Sr35 were completely absent (Fig. 1b).
155 Previously, structures of the pentameric Sr35 resistosome were determined
156  after co-expression of wheat Sr35 with the avirulence effector AvrSr35 of the rust
157  fungus Pgtin insect cell cultures and purification of a ~875 kDa complex by SEC® 9.
158  Stable heterodimeric MLA13—AVRAa13-1 complex formation without detectable high-
159  order receptor—effector complexes in N. benthamiana prompted us to test whether
160  co-expression of Sr35-1EL15E with AvrSr35 in N. benthamiana, followed by the same
161 purification method used for the purification of the MLA13—-AVRAa13-1 heterocomplex,
162 leads to the formation of the Sr35 resistosome in planta. SEC analysis of the affinity-
163 purified Sr35 11EL1SE_AyrSr35 heterocomplex revealed an abundant high-order

164 complex eluting with an estimated molecular weight of 875 kDa (Extended Data Fig.
165 4b). Further TEM characterisation of the corresponding SEC fraction confirmed a
166  star-shaped complex that resembles the reported insect cell-derived pentameric
167  Sr35 resistosome?® '° (Extended Data Fig. 4c). This demonstrates that the formation
168  of the Sr35 resistosome is intrinsic to the co-expression of the two proteins, despite
169  highly divergent expression systems in insect and plant cells. Similar results were
170  obtained when Sr50-""EL15E an Mia ortholog in wheat, was co-expressed with Pgt
171 AvrSr50 in N. benthamiana, resulting in pentameric Sr50 resistosomes upon TEM
172  analysis (Extended Data Fig. 5)?°. The pentameric Sr50 resistosomes purified from
173  N. benthamiana are similarly star-shaped to wheat Sr35 resistosomes (Extended
174  Data Fig.5c). In further support of these findings, blue native polyacrylamide gel

175 electrophoresis (BN-PAGE) analysis of N. benthamiana leaf protein extracts

176  provided evidence for abundant Sr35-""FL15E gligomerization when co-expressed
177  with AvrSr35, whereas MLA13 N"1EL15E receptor oligomerization was undetectable in
178 the presence of AVRa13-1 (Extended Data Fig. 6). However, oligomerization was
179  detected when autoactive MLA13 L1EL15ED502V wag expressed in N. benthamiana
180 (Extended Data Fig.6). Collectively, this suggests that the heterodimeric MLA13-
181  AVRa13-1 complex might represent an intermediate effector-activated CNL complex
182  and that the equilibrium between heterodimeric and pentameric resistosomes may
183  be differentially regulated among sensor CNLs. Finally, we conducted additional

184  purification experiments to avoid potential non-native conformations, for example
185  expression of MLA13 without an N-terminal GST tag, without substitutions in the CC
186 domain, or equivalent mutations in the CC domains used for expressing and

187  resolving the Sr35 and Sr50 resistosomes (Extended Data Fig.7). These

188  experiments consistently resulted in the purification of low-order MLA13 complexes
189 that elute from SEC at a molecular weight resembling that of the MLA13-AVRAa13-1
190 heterodimer (Extended Data Fig.7).

191

192

193 Cryo-EM reveals the architecture of the MLA13—-AVRAa13-1 heterodimer

194  Three independent MLA13—-AVRAa13-1 heterocomplex samples were prepared for
195 cryo-EM analysis. During unsupervised 2D classification only a subset of identified
196 particles yielded classes with features reminiscent of secondary structure elements.
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197 These had structures agreeing best with a heterodimeric but not with a pentameric
198 assembly. Further classifying this subset of particles in 3D revealed heterodimeric
199 complexes comprising one MLA13 and one AVRa13-1. Reconstruction of these

200 particles yielded a final cryo-EM density map at a global resolution of 3.8 A. Local
201 resolution analysis revealed that the core region of the complex, and importantly the
202 interface between the receptor and AVRa13-1, is defined up to 3.0 A resolution. More
203  peripheral regions such as the CC, the NBD and the first and last blades of the LRR
204  show resolutions above 5.5 A, implying their flexibility in the purified state of the

205 heterodimer (Extended Data Fig. 2). Apart from these three regions, the quality of
206  our map after machine learning-assisted sharpening was of sufficient quality to build
207 an almost complete atomic model of the MLA13—AVRAa13-1 heterocomplex.

208 The overall architecture of the MLA13—AVRAa13-1 heterodimer resembles a
209 single effector-bound protomer of the pentameric Sr35 resistosome® 0. While the
210 resolution of the CC domain (MLA13"-'72) does not allow for fitting individual side-
211  chains, it clearly shows that the four amino terminal alpha helices (a1 to a4A) form a
212 bundle reminiscent of the ligand-bound, monomeric Arabidopsis ZAR1-RKS1-

213 PBL2YMP complex (Fig. 2a)%°. Helix a3 is in close contact with a section of the MLA13
214  LRR (MLA1518-9%6) that comprises a cluster of arginine residues

215  (MLA13R935/RI36/R559/RS61/RS83/RE12/R6S7/R703) Thig interdomain interaction is believed to
216  be a precursor to formation of the ‘EDVID’ motif-arginine cluster observed in the

217 ZAR1 and Sr35 resistosomes following activation and CC rearrangement® 0. The
218  linker (MLA13'31143) between helix a4A and the NBD (MLA13"73-328) Jacks

219 observable density, suggesting significant flexibility.

220 Similar to the CC domain, the quality of cryo-EM density for the maijority of the
221 NBD does not allow for fitting individual side-chains. In addition, the canonical

222 nucleotide binding site that is sequence-conserved with ZAR1 and Sr35 clearly lacks
223 density for an ATP or ADP, similar to the ZAR1-RKS1-PBL2YMP complex (PDB:

224  6J5V)%. This suggests that the complex might be in an intermediate state after

225  effector binding-induced release of ADP but before ATP binding-induced

226 oligomerisation. Overlay of the MLA13 NBD after AVRa13-1 binding to the receptor
227  with the NBD of an Alpha-fold3 model of the AVRa13-1-bound MLA13 receptor shows
228 conformational differences in NBD conformations between the prediction and

229 experimental model (Fig. 2c). In addition, a motion-based deep generative model to
230 investigate the flexibility remaining in the subpopulation of particles used for the 3D
231 refinement implies that the NBD can sample a conformational space by rotating

232 relative to the WHD (MLA13410-517) (Fig. 2b). Interestingly, a similar hinge situated
233  between the NBD and the WHD domain is observed when comparing the MLA13
234  NBD position to the NBD position in ZAR1 bound or unbound to the effector°,

235  Despite its flexibility, the MLA13 NBD does not, however, sample positions

236  overlapping with the ZAR1 NBD, and the consensus position is about 75 degrees
237  rotated compared to the ZAR1 resistosome (Fig.2b). Despite the differences

238  observed for the NBD, the remaining domains of MLA13, namely HD1 (MLA1332%
239  499) WHD, and LRR, adopt positions similar to those observed in the non-

240 resistosome ZAR1 structures (PDBs: 6J5W and 6J5V).

241

242 AVRa13-1 adopts an RNase-like fold in planta and interacts both with the LRR
243  and the WHD domain of MLA13

244  AVRAa13-1 adopts an RNase-like fold reminiscent of the crystal structures reported for
245  E. coli-expressed AVRas, AVRA7-1, AVRa10 and AVRa22 of Bh, all of which share a
246 structural core of two B-sheets and a central a-helix (Fig. 3a)?3. The N-terminal B-
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247  sheet consists of two antiparallel strands (31 and 2), whilst the second B-sheet
248  consists of four antiparallel B-strands (33 to 6). Based on structural polymorphisms
249  between Bh AVRaes, AVRA7-1, AVRA10, AVRA22 and Bt AvrPm2, AVRa13-1 is most

250 similar to Bt AVRpm2 and the structure of a Bh effector with unknown avirulence

251  activity, CSEP00642" 23, Each of the four crystallised AVRa effectors and Bt AvrPm2
252  share two conserved cysteine residues at the N and C termini, respectively, that form
253  an intramolecular disulphide bridge connecting the N- and C-terminals. In AVRa13-1,
254  however, the position of the N-terminal cysteine is occupied by a leucine, preventing
255 intramolecular disulphide formation with the C terminal residue AVRAa13-1¢"16 (Fig.
256  3a). The conserved structural core of AVRa13-1 and proximity of AVRa13-1 N- and C-
257 terminal ends show that intramolecular disulphide bridge formation is likely

258 dispensable for adoption of an RNase-like fold when bound to its receptor inside
259 plant cells (Fig. 3a). This also indicates that binding to the receptor does not lead to
260 extensive rearrangements of the RNase-like fold compared to AVRa crystal

261  structures of proteins purified from E. coli and unbound to their matching receptor??.
262 The cryo-EM density with higher local resolution of the interface between the
263 MLA13 LRR and AVRAa13-1 reveals interactions of the effector with multiple receptor
264  residues, specifically from the concave side of the LRR and the WHD (Fig. 4a). To
265 investigate the physiological relevance of the interactions between MLA13 and

266  AVRa13-1, we generated substitution variants of putative interacting residues in both
267 the receptor and effector; we then transiently expressed these in barley protoplasts
268 and leaves of N. benthamiana and tested for loss of AVRa13-1-triggered and MLA13-
269 mediated cell death.

270 Visualisation of the MLA13—-AVRAa13-1 interface clarifies that the two basal
271  loops of AVRAa13-1 (AVRAa13-1W47-T74) play an essential role in the interaction with

272 MLA13 and receptor-mediated cell death. Notably, the aromatic ring from AVRA13-
273 1752 presents strong - stacking with MLA13F9 and interacts with MLA137934 an
274  observation supported by a loss in cell death activity due to the single AVRa13-1Y%2A
275 and MLA13F900A substitutions (Figs. 3b,c and 4b,c). Contributing to stabilisation of
276  the AVRa13-1 basal loops and their interaction with the receptor, AVRa13-1F°

277  seemingly engages in a T-shaped interaction with the aromatic ring of MLA13Y934,
278  Furthermore, a notable reduction of cell death was observed when stacking the two
279  substitutions AVRAa13-1Y52AG80A sresumably generating a steric clash between the
280 backbone of AVRa13-1%8% and MLA13Y49" (Fig. 3b,c and Fig. 4b,c). Reciprocally, the
281  substitutions MLA13Y4%"Aand MLA13Y4%A in the WHD resulted in a reduced cell

282 death, suggesting that the WHD plays a critical role in triggering conformational

283  changes in MLA13 that are necessary for cell death activity (Fig. 4b,c). Additional
284  charged rn interactions between MLA13M43 and AVRA13-1N82 are also thought to be
285 an important component of the receptor—effector interface. This is supported by the
286  near-complete loss of cell death activity of the double substitution mutant

287  MLA13HB43AEI36A (Fig, 4b,c). We then tested the cell death activity of individual

288  MLA13E%6A and MLA135%2A variants (Fig. 4b,c). While MLA135%02A retained wild-
289 type-like activity, the single receptor substitutions MLA137°%4 and MLA13E936A

290 resulted in a complete loss of cell death (Fig. 4b,c). Finally, we inferred that

291  MLA13892 gcts to stabilise MLA13R938 an essential interactor of AVRa13-12% and
292  AVRa13-12%1 that leads to a complete loss of cell death when introducing the single
293  substitution MLA13R938A (Fig. 4b,c).

294

295 Expansion of MLA7 effector recognition specificity
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296 Understanding the roles of receptor residues in the MLA13—-AVRAa13-1 interface

297 allowed us to generate a gain-of-function (GoF) MLA receptor based on amino acid
298 sequence alignment with known MLA resistance specificities to Bh (Extended Data
299  Fig. 8)'. In this alignment, we observed that MLA7 is most similar to MLA13 with
300 over 93% sequence conservation among the two LRR domains (Extended Data Fig.
301  8)23. Closer inspection of the MLA7 and MLA13 sequence alignment revealed that
302 only one of the LRR residues contributing to the MLA13—-AVRa13-1 interface was
303 polymorphic between the two receptors at positions MLA7-°%? and the corresponding
304 MLA13%%2 (Extended Data Fig.8). We then introduced the substitution MLA7-9°2S to
305 testif this MLA13-mimicking receptor could gain detection of AVRa13-1 while

306 retaining the ability to detect its previously described cognate AVRa7 effectors’®. The
307 co-expression of MLA7 WT with AVRa7-2 in barley protoplasts results in a cell death
308 response, whilst only weakly recognising AVRa7-1, AVRa13-1 and AVRa13-V2, a

309 virulent variant of AVRa13-1 (Fig. 5a)'" 26. We then performed the same experiment
310  with the MLA7%%2S variant: not only was cell death activity retained upon co-

311  expression with AVRaz-2, but a gain of cell death activity was detected upon co-

312  expression with AVRa7-1, AVRa13-1 and AVRa13-V2, a virulent variant of AVRa13-1
313  (Fig. 5a). Notably, MLA7“92S does not detect AVRa22, indicating that the detection
314  GoF receptor could be limited to a subset of RALPH effectors (Fig. 5a). The same
315 co-expression experiments were performed in leaves of N. benthamiana with

316  qualitatively similar results (Fig. 5b,c,d).

317

318

319

320 Discussion

321 Resolving the structure of the MLA13—AVRAa13-1 heterodimer revealed a

322  ‘noncanonical’ conformation compared to two known pentameric plant CNL

323 resistosomes, A. thaliana ZAR1 and wheat Sr35%1°, Similar structures of monomeric
324 ZAR1 are available (PDBs: 6J5W and 6J5V) and represent intermediate forms of the
325 effector-activated pentameric ZAR1 resistosome?® 30. The ZAR1-RKS1 complex

326 binds ADP, and subsequent PBL2YMP binding in the presence of ATP results in

327 allosteric changes, allowing the exchange of ADP to ATP in the NBD and the

328 formation of a fully activated ZAR1 resistosome?® 3°. ZAR1-RKS1 binding of PBL2UMP
329 in the absence of ATP results in a nucleotide-free, ligand-bound intermediate

330 complex (PDB: 6J5V), a conformation reminiscent of the MLA13—-AVRA13-1

331 heterodimer.

332 In contrast to the Sr35 and Sr50 resistosomes, MLA13 oligomerisation in

333  planta was only detectable when introducing an autoactive-inducing substitution

334  (MLA13P%02V) which is thought to mimic ATP binding, resulting in effector-

335 independent cell death (Extended Data Fig. 6). We expressed and purified a stable
336 MLA13-AVRAa13-1 heterodimer using the same protocol successfully used to purify
337 pentameric Sr35 and Sr50 resistosomes. This prompts the question: why does the
338 co-expression of MLA13 and AVRa13-1 not result in the purification of a higher-order
339 complex (i.e., an MLA13 resistosome) from an in planta expression system

340 (Extended Data Figs, 4,5,7)? We consider four possible explanations for this result.
341  First, a high-order MLA13—-AVRAa13-1 heterocomplex might be prone to disassociation
342  and thus requires yet unknown extraction conditions to maintain resistosome

343 conformation when isolated. Second, the conformational transition between effector-
344 dependent, intermediate and oligomeric receptor states might be differentially

345 regulated in MLA13, Sr35, Sr50 and ZAR1. Third, in heterologous N. benthamiana,
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346  additional components for abundant MLA13 high-order complex formation might be
347 present in insufficient concentrations for detectable resistosome formation. For

348 instance, a number of MLA resistance specificities, including MLA13, require the

349 barley co-chaperones RAR1 and SGT1 for full immunity to Bh3'-3* . These two

350 proteins form a ternary HSP90—-RAR1-SGT1 chaperone complex, which elevates
351 pre-activation MLA steady-state levels in barley and might facilitate the formation of
352  MLA13 resistosomes from the MLA13—-AVRAa13-1 heterodimer. Finally, it is also

353 possible that the stable MLA13—AVRAa13-1 heterodimer generates a CNL output that
354 is distinct from CNL resistosomes. For example, it remains to be tested whether the
355 heterodimeric complex described here contributes to nucleo-cytoplasmic partitioning
356 of MLA receptors and their interference with the transcription machinery via

357  associations with barley transcription factors?’: 35 36,

358 Structure-guided amino acid substitutions of the receptor—effector interface
359 demonstrate the importance of MLA13—-AVRAa13-1 interactions for triggering effector-
360 dependent and receptor-mediated plant cell death. This interface is primarily

361 mediated by interactions supported by residues in the MLA13 WHD, LRR and two
362 basal loops in AVRa13-1. Similarly, earlier structure—function analyses of AVRAa1o,

363  AVRa22 and AVRae hybrid effectors suggested that multiple highly polymorphic

364 effector surface residues in the basal loops of each of these Bh RALPH effectors are
365 indispensable for recognition by their matching MLA receptors'® 23, This suggests the
366  existence of a common structural principle by which functionally diversified MLA

367 receptors recognise sequence-unrelated RALPH effectors via their polymorphic

368 basal loops. This is consistent with the observation that the structural core of RALPH
369 effectors with two 3-sheets and a central a-helix of AVRa13-1 does not directly

370  contribute to binding MLA13. Interestingly, Alphafold3 generated several models in
371  which AVRa13-1 binds to the LRR domain of MLA13, but neither the binding site to
372  the LRR nor the orientation of the effector relative to the LRR corresponds to the

373  experimentally determined receptor—effector interface (Fig. 2d). Why would MLA
374  receptors preferentially recognise AVRAa effectors at the basal loops and not at other
375 distant surface regions of the RNase-like scaffold? We hypothesise that the

376  polymorphic sequences in the basal loops are important for the virulence activity of
377 these Bh RALPH effectors, perhaps allowing them to interact with different virulence
378 targets. However, wheat CNL Pm2a is believed to detect the Bt RALPH effector

379 AvrPm2 on the opposite effector side, termed the ‘head epitope’ which comprises the
380 juxtaposed N- and C-termini'®. This could be explained by the finding that Pm2a

381 recognises AvrPmz2 indirectly through interaction with the wheat zinc finger protein
382 TaZF?23. An alternative hypothesis is that MLAs avoid recognising conserved

383  structural elements, such as those of RNase-like scaffolds, to prevent interacting
384  with RNase-like host proteins that may trigger a non-pathogen-induced cell death.
385 Here we provide evidence that residues in the C-terminal region of the MLA13
386 LRR are essential for receptor-mediated cell death activation upon detection of its
387 cognate effector AVRa13-1. The broader relevance of the C-terminal LRR region

388 among MLA receptors for the detection of different AVRAa effectors is supported by
389 domain swap experiments between LRR regions of MLA1 and MLA6 and MLA10
390 and MLA22, respectively'® 32. Our results show that although the LRR region is the
391 most polymorphic among characterized MLA receptors, there are relatively few

392  polymorphic residues in the MLA13 LRR that are critical for recognition of AVRa13-
393  1'2, This information, combined with knowledge of natural LRR sequence

394 polymorphisms among MLA receptors with distinct AVRAa effector recognition

395 specificities, has informed the design of a GoF MLA receptor with only a single-base
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396  edit (MLA7-%92S). Importantly, in the context of MLA13, substitution of MLA13S902A
397 resulted in a retention of AVRa13-1-triggered cell death activity, suggesting that

398  MLA13%%92 may not play a critical role in supporting the interface with AVRa13-1. In
399 the context of MLA7, the MLA7-%02S substitution is crucial for a gain of AVRa13-1

400 detection, suggesting that the bulky MLA7%%? disrupts the stability of MLA7R38 and
401 its essential role in effector interaction. Nevertheless, without experimental

402  MLA7°92S gtructures bound to AVRa13-1 and AVRa7-2, we cannot rule out the

403  possibility that variation in the basal loop lengths of these two AVRAa effectors might
404 lead to conformationally different receptor—effector interfaces (Extended Data Figs.
405 9,10). In fact, the structural polymorphisms between the two RALPH subfamilies,
406  which include AVRAa7-2 and AVRAa13-1, differ primarily in the lengths of the four

407 antiparallel B-strands (B3 to B6) of the second B-sheet and not the number of

408  structural elements, thereby resulting in different lengths of the basal loops?2. Since
409 the crystal structures of AVRas, AVRA7-2, AVRA10, and AVRa22 represent unbound

410 effector folds and a structure for unbound AVRAa13-1 is not available, it remains to be
411  clarified whether the basal loops of AVRa effectors undergo conformational changes
412 upon receptor binding and, if so, whether these are similar or vary among AVRa

413  effectors (Extended Data Figs. 9,10).

414 Expanding effector detection specificity by minimal perturbations such as

415  single-base gene editing is an attractive approach for accomplishing more durable
416 disease resistance in crops. Characterized Mila resistance specificities to Bh are

417 alleles of one of three highly sequence-diverged CNL homologs at the complex Mla
418 locus®* 3738 This precludes the generation of lines expressing two or more

419 homozygous Mila resistance specificities by crossings between accessions encoding
420 naturally polymorphic Mlas. The expanded detection capability of MLA7-%02S is a

421  promising and notable proof-of-principle, as the receptor is able to recognise multiple
422  RALPH effectors belonging to two phylogenetic subfamilies. The new repertoire of
423  matching effectors detected by MLA7902S is simultaneously expressed in several
424  globally distributed Bgh strains and includes the virulent effector, AVRa13-V2, which is
425 presumed to be the result of resistance escape of MLA13 due to selection

426  pressures'” 1826 Furthermore, certain allelic Pm3 resistance specificities in wheat
427  confer both strain-specific immunity to Bt and non-host resistance to other cereal
428 mildews'. These wheat Pm3 CNL receptors recognise strain-specific matching Bt
429 RALPH effectors and conserved RALPH effector homologues in rye mildew (B.

430 graminis f sp secale), thereby restricting growth of rye mildew on wheat'. Given that
431  barley MLA7%2S also confers enhanced cell death activity to the naturally occurring
432  virulent variant of AVRa13-1, AVRa13-V2, and that the 34 members of this RALPH

433  subfamily include several Bt effectors, including AvriPm2 and Bt E-5843, it seems
434  possible that this or other engineered MLA receptors could enhance barley non-host
435  resistance to other cereal mildews'®: 17:23, Future work will complement our findings
436 by generating gene edited barley lines expressing synthetic MLAs for resistance

437  testing.

438

439  Methods

440 Plant growth

441  Seeds of wild-type N. benthamiana were sown in peat-based potting soil with
442  granulated cork on the surface to prevent pest infestation. Daily irrigation solution
443  contained an electrical conductivity of 2.2 and a mixture of macro and micro
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444  nutrients. A photoperiod of 16 hours was used with broad-spectrum LED lights

445  emitting 220 pmol/m?/s supplemented by ambient sunlight.

446 Barley protoplasts isolated from Golden Promise seedlings that were grown
447  on peat-based potting soil at 19 °C and 70% humidity for 7-9 days.

448

449 Transient transformation of N. benthamiana for recombinant protein

450 expression and purification

451 The coding sequences of Mla13 containing a stop codon was transferred from

452 pDONR221 using Gateway LR clonase into pGWB424 containing an N-terminal

453  fusion GST tag in the vector backbone. AVRa13-1 without a stop codon was

454  transferred from pDONR221 using Gateway LR clonase into pGWB402SC

455  containing a C-terminal Twin-Strep-tag® followed by a single HA tag in the vector
456  backbone. Both constructs were individually electroporated into Agrobacterium

457  tumefaciens strain GV3101::pMP90RK and selected on plates of Luria/Miller (LB)
458  broth with agar containing spectinomycin (100 ng/mL), gentamycin (25 ug/mL),

459  rifampicin (50 ug/mL) and kanamycin (25 ug/mL) and grown for two days at 28 °C.
460 Three colonies were picked and cultured overnight in a 10-mL liquid LB starter

461  culture with the above antibiotics at 28 °C. Two millilitres of the starter culture were
462 added to and cultured in 350 mL of liquid LB broth containing the above antibiotics
463  for 14 hours at 28 °C. The cultures were pelleted at 4,000 RCF for 15 minutes and
464  resuspended in infiltration buffer (10 mM MES (pH 5.6), 10 mM MgCl2, 500 uM

465  acetosyringone) to an ODeoo of 2 for each construct. The bacterial suspensions were
466 combined at a 1:1 ratio and infiltrated into leaves of four-week-old N. benthamiana
467 plants. The infiltrated plants were stored in the dark for 24 hours before they were
468 returned to normal growth conditions where they grew for an additional 24 hours.
469 The leaves were frozen in liquid nitrogen and stored at -80 °C until they were

470 processed.

471

472  Protein purification for cryo-EM

473  One hundred grams of transiently transformed N. benthamiana leaf tissue were

474 ground in a prefrozen mortar and pestle and gradually added to 200 mL of lysis

475  buffer (buffer A; 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5% glycerol, 10 mM DTT,
476  0.5% polysorbate 20, two vials of protease inhibitor cocktail (SERVA Electrophoresis
477  GmbH catalogue # 39103.03), 5% BioLock (IBA Lifesciences GmbH catalogue # 2-
478 02-5-250); pH adjusted to 7.4) until the lysate was defrosted and at 4 °C. The lysate
479  was splitinto two 250 mL centrifuge bottles, centrifuged twice at 30,000 RCF for 15
480 minutes and filtered through double-layered miracloth after each centrifuge run.

481 Five hundred microlitres of Strep-Tactin XT Sepharose resin (Cytiva catalogue
482  # 29401324) were equilibrated in wash buffer (buffer B; 50 mM Tris-HCI (pH 7.4),
483 150 mM NaCl, 2 mM DTT, 0.1% polysorbate 20; pH adjusted to 7.4). The resin was
484  added to the lysate and incubated by end-over-end rotation at 4 °C for 30 minutes.
485 The resin was washed three times with buffer B and finally isolated in a 1.5-mL tube.
486  Five hundred microlitres of Strep-Tactin XT Sepharose resin elution buffer (buffer C;
487  buffer B supplemented with 50 mM biotin; pH adjusted to 7.4) was added to the resin
488 and rotated end-over-end for 30 minutes. The above elution step was repeated five
489  times.

490 The five eluates were centrifuged at 16,000 RCF for one minute and 450 uL of
491 supernatant were removed from each eluate and pooled. Two hundred microlitres of
492  Glutathione Sepharose 4B resin (Cytiva catalogue # 17075601) was equilibrated in
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493  buffer B and added to the Strep-Tactin XT eluate was combined with the Glutathione
494  Sepharose 4B resin and incubated by mixing end-over-end for two hours at 4 °C.
495 The Glutathione Sepharose 4B resin was washed twice before with buffer B. Elution
496 from the Glutathione Sepharose 4B resin was performed by adding 200 uL of buffer
497 D (buffer B supplemented with 50 mM reduced glutathione; pH adjusted to 7.4) and
498 rotated end-over-end for 30 minutes. Elution was repeated for a total of four times.
499  The four eluates were centrifuged at 16,000 RCF for one minute and 150 pL of

500 supernatant were removed from each eluate. Twenty microlitres from the first eluate
501 were used for cryo-EM grid preparation and the remaining eluate(s) were pooled and
502 analysed by SEC.

503 For SEC, a Superose 6 increase 10/300 GL column (Cytiva catalogue #) was
504 equilibrated with buffer B. Five hundred microlitres of the pooled GST eluate were
505 loaded into the column and run at 0.3 mL/minute. Forty-five microlitres of the 500 pL
506 fractions were loaded on SDS PAGE gels.

507 The Sr35 and Sr50 resistosomes were purified with the above method. The in
508 planta cell death activity was abrogated for purification purposes through introduction
509 of the L11E/L15E substitutions in the receptors. A single-step purification was

510 performed by coimmunoprecipitating the effectors via the C-terminal and N-terminal
511 twin-Strep epitope tags on AvrSr35 and AvrSr50, respectively. Sr35 and Sr50 were
512 expressed without an epitope tag. The 5 mL of twin-Strep eluate was concentrated
513 and analysed by SEC as described above.

514

515 Negative staining and TEM

516  Carbon film grids (Electron Microscopy Sciences catalogue # CF400-CU-50) were
517 glow discharged for negative staining of protein samples. The MLA13-AVRAa13-1

518 heterodimer, Sr35 resistosome and Sr50 resistosome samples were series-diluted in
519 buffer B. Six microlitres of sample were applied to the grid and incubated for one

520 minute before blotting off excess sample with filter paper. Six microlitres of one

521 percent uranyl acetate were then applied to the grids and incubated for one minute
522  before blotting off with filter paper.

523 Grids were analysed using a Hitachi HT7800 TEM operating at 100 kV and
524 fitted with an EMSIS XAROSA camera.
525

526 Cryo-EM sample preparation and data collection

527  Three microlitres of the purified MLA13—-AVRAa13-1 sample were applied to an

528 untreated graphene oxide-coated TEM grid (Science Services catalogue #

529 ERGOQ200R24Cu50), incubated on the grid for 10 seconds, blotted for 5 seconds
530 and flash-frozen in liquid ethane using a Vitrobot Mark IV device (Thermo Fisher

531  Scientific) set to 90% humidity at 4 °C. Grids were stored under liquid nitrogen

532  conditions until usage.

533 Cryo-EM data was acquired using a Titan Krios G3i (Thermo Fisher Scientific)
534  electron microscope operated at 300 kV. Images were collected automatically using
535 EPU (version 2.12) (Thermo Fisher Scientific) on a Falcon Il direct electron detector
536  with a calibrated pixel size of 0.862 A*px~'. Target defocus values were set to 2.0 to
537 —0.3 ym. Data was acquired using a total dose of 42 e™*A-2 distributed among 42
538 frames, although the last three frames were excluded during data analysis.

539

540 Image processing and model building

541 Image processing was performed using CryoSPARC (version 4.1.1+patch 240110).
542  Movie stacks were first corrected for drift and beam-induction motion, and then used
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543 to determine defocus and other CTF-related values. Only high-quality micrographs
544  with low drift metrics, low astigmatism, and good agreement between experimental
545 and calculated CTFs were further processed. Putative particles were automatically
546  picked based on an expected protein diameter between 8 and 12 nm, then extracted
547 and subjected to reference-free 2D classification. 2D classes showing protein-like
548 shapes were used for a template-based picking approach. Candidate particles were
549  extracted again, subjected to reference-free 2D classification to exclude artefacts, and
550 subsequent 3D classification to identify high-quality particles showing defined density
551 for the effector, NBD, and LRR. This subset of particles was further refined using the
552  non-uniform refinement strategy, yielding a map at a global resolution of 3.8 A.
553 DeepEMhancer was used to optimize the map for subsequent structure building. For
554  further details see Extended Data Fig.2.

555 AlphaFold was used to predict a model for the CC-NBD-LRR domains of
556 MLA13 from H. vulgare using the sequence Q8GSK4 from UniProt and two previously
557 deposited structures in the PDBe, 5T1Y and 3QFL. The AlphaFold-predicted model
558 was fitted into the map; however, the fold of the CC-domain did not match the observed
559 density adjacent to the LRR. Afterward, Robetta was used to predict only this region,
560 which gave outputs that more closely resembled the activated form of ZAR1
561 resistosome’s CC-domain. Robetta uses deep learning-based methods, Rose TTAFold
562 and TrRosetta algorithms, and thus it may be influenced by existing models of the
563 sequence to be predicted. For this reason, the ab initio option was chosen when
564  running a second round of predictions in Robetta, and a template of the inactive ZAR1
565 CC-domain from A. thaliana (6J5W, Wang et al 2019) was included in the subsequent
566  prediction run. The new model of the CC-domain fitted the EM map significantly better
567 than the previous predicted models; thus, it was merged with the rest of the MLA13
568 model for refinement. Finally, the model containing AVRa13-1-bound MLA13 was
569 refined against the EM map in iterations of phenix.real_space_refine and manual
570 building in Coot. For further details and statistics see Supplementary Table 1.
571  Molecular visualization and analysis were done using UCSF ChimeraX (version 1.7).
572

573 Cell death assays in barley protoplasts

574  Experiments were performed according to Saur et al. 2019 with the exception that
575 plasmid DNA of all constructs was diluted to 500 ng/uL and transfection volumes

576  were 15 uL, 10 pL, and 10 pL for pUBQ:luciferase, Mla, and AVRa, respectively®.
577

578 Cell death assays in leaves of N. benthamiana

579 DNA of effector and receptor sequences were cloned as mentioned above into

580 pGWB402SC and pGWB517, respectively. Transformation and preparation of A.

581 tumefaciens suspensions was performed as mentioned above. Phenotype images
582 were taken 72 hours post infiltration while samples for western blot analysis were

583 harvested 24 hours post infiltration.

584 Western blotting of samples consisted of flash-freezing 100 mg of each

585 sample and pulverising the tissue using a bead beater. The frozen leaf powder was
586 resuspended in the aforementioned buffer A. The samples were centrifuged twice at
587 16,000 RCF before adding 4x Lammli buffer (Bio-Rad catalogue # 161-0737)

588 supplemented with 5% mM B-mercaptoethanol and heating the sample to 95 °C for
589 five minutes before cooling on ice. Ten microlitres of each sample were run on 12%
590 SDS PAGE gels before transferring to a PVDF membrane. The membranes were

591 then blocked in TBS-T containing 5% milk for one hour at room temperature (RT).
592 Membranes were washed three times for five minutes in TBS-T then incubated with
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593 anti-HA (Cell Signalling Technology catalogue # 3724; 1:1,000) and anti-MYC

594 (Thermo Fisher Scientific Inc. catalogue # R950-25; 1:5,000) in TBS-T with 5% BSA
595 for one hour at RT. Membranes were washed in TBS-T for 3 x 10 minutes incubating
596  with secondary anti-rabbit (Cell Signalling Technology catalogue # 7074S; 1:2,000)
597 and anti-mouse (Abcam Ltd. Catalogue # ab6728; 1:5,000) in TBS-T with 5% milk for
598 one hour at RT. Membranes were washed in TBS-T for 3 x 15 minutes before

599 developing using SuperSignal West Femto substrate (Thermo Fisher Scientific Inc.
600 catalogue # 34096).

601

602 BN-PAGE assays

603 BN-PAGE assays were performed as described in Ma et al. (2024) with

604 modifications*C. Briefly, N. benthamiana leaf tissues expressing the indicated

605 constructs were harvested at 48 h after infiltration. Two grams of each sample were
606 ground into powder using liquid nitrogen and homogenized in 4-mL protein extraction
607  buffer (10% glycerol, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM DTT, 0.2% NP-
608 40, 5 mM MgClz, 20 uM MG132, 1xRoche protease inhibitor cocktail). The extract

609 was centrifuged twice at 4 °C, 12,000 RCF for 15 min. Then, 40 pL of extraction

610 buffer-washed Strep-Tactin® Sepharose chromatography resin (Cytiva) were added
611 to the extract and incubated with end-over-end rotation for one hour. The resins were
612  collected by centrifugation at 1,000 RCF for 3 min and washed three times with wash
613  buffer (10% glycerol, 50 mM Tris-HCI (pH 7.5), 50 mM NaCl, 2 mM DTT, 0.2% NP-
614 40, 1xRoche protease inhibitor cocktail). Subsequently, 100 uL of elution buffer

615 (wash buffer + 50 mM biotin) were added to the resin and followed by end-over-end
616  rotation for 30 min. The purified protein samples were collected by centrifugation.
617  Five microlitres of each sample (25 pL for MLA13 auto-active mutants) were mixed
618 with Native PAGE G-250 additive to a final concentration of 0.1%, and placed on ice
619 for 30 min. Protein samples and unstained Native Mark (Invitrogen catalogue

620 #LCO0725) were loaded and run on a Native PAGE 3%-12% Bis-Tris gel (Invitrogen
621 catalogue #BN1001BOX) according to the manufacturer's instructions. The proteins
622  were then immunoblotted as described above.

623

624 Data availability

625 The EM map has been deposited in the EMDB under the accession code EMD-
626 50863. Atomic coordinates have been deposited in the Protein Data Bank under the
627 accession code 9FYC. Other data used to generate tables and figures has been
628 provided as source data with this publication.
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Fig. 1 | The MLA13-AVRa13-1 complex is purified and resolved as a heterodimer. a, SEC
profile of the N-terminally, GST-tagged MLA13 in complex with C-terminally, twin Strep-HA-
tagged AVRAa13-1 sample purified by a two-step affinity purification as described in the
Methods (Extended Data Fig.1). Inset SDS PAGE gel represents fractions eluted along the
black line. The high-molecular weight marker (~875 kDa) was determined by running the
Sr35 resistosome under the same conditions. b, Representative negative staining image of
the peak elution volume diluted five-fold. Scale bar represents 100 nm ¢, Three orientations
of the MLA13-AVRAa13-1 density map (above), atomic model (middle) and domain
architecture (below). Workflow of cryo-EM data processing is presented as Extended Data
Fig.2.
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Fig. 2 | Conformational comparisons of the MLA13-AVRa13-1 heterodimer with ZAR1
and Alphafold predictions. a, Structural alignment of the CC domains of ZAR1-RKS1 (light
blue; PDB: 6J5W), ZAR1-RKS1-PBL2YMP (blue; PDB: 6J5V) and ZAR1 resistosome (dark
blue; PDB: 6J5T) to the CC domain of the MLA13-AVRAa13-1 heterodimer (beige). b,
Structural alignment of ZAR1-RKS1 (light blue; PDB: 6J5W), ZAR1-RKS1-PBL2U™P (blue;
PDB: 6J5V) and ZAR1 resistosome (dark blue; PDB: 6J5T) to the MLA13-AVRa13-1
heterodimer. Only the MLA13 NBD and LRR, AVRa13-1 and NBDs of ZAR1 are shown. The
red-yellow-red traces illustrate the major mode of conformational heterogeneity observed for
the MLA13 NBD (average position shown in pink). ¢, Top five models for the MLA13-AVRa13-
1 complex as predicted by AlphaFold 3. All five models were aligned to the MLA13-AVRA13-1
experimental atomic model (grey) and predicted models are coloured by their RMSD
deviation to the experimental model. For all models, the position of the NBD does not align
with the experimental model. The fourth helix of the CC bundle of one predictive model is too
far elongated compared to the experimental model. The experimentally observed electron
density map is shown in transparent grey. d, AlphaFold 3 predicts five different orientations
of AVRa13-1 (coloured rainbow) that are all incorrectly rotated compared to the
experimentally observed position (pink). The MLA13-AVRa13-1 experimental electron density
map and model are shown in transparent grey and grey, respectively.
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Fig. 3 | The AVRAa13-1 basal loops are primarily responsible for interacting with the
MLA13 LRR. a, The cryo-EM structure of AVRa13-1 residues (atom display) that were
experimentally shown to be responsible for triggering MLA13-mediated cell death. b, Co-
expression of MLA13 with AVRa13-1 substitution mutants in barley protoplasts.
Luminescence is normalised to EV + MLA13 (= 1). High relative luminescence suggests low
cell death response and therefore suggesting loss of AVRa13-1 interaction with MLA13. The
six data points represent two technical replicates performed with three independently
prepared protoplast samples. Treatments labelled with different letters differ significantly (p <
0.05) according to the Dunn'’s test. ¢, Agrobacterium-mediated co-expression of MLA13 with
AVRAa13-1 interface substitution mutants in leaves of N. benthamiana. Three independent
replicates were performed with two Agrobacterium transformations and plant batches
(Supplementary Fig. 2). d, Western blot analysis of AVRa13-1 substitution mutants. e,
Western blot analysis of MLA13.
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Fig. 4 | Minimal but spatially distributed recognition of AVRa13-1 by the MLA13 LRR
and WHD. a, The MLA13-AVRai3-1 interface exhibiting MLA13 residues that were
experimentally shown to contribute to AVRa13-1-mediated cell death. b, Co-expression of
AVRAa13-1 with MLA13 substitution mutants in barley protoplasts. Each MLA13 variant was
normalised to its own autoactivity; luminescence is normalised to EV + MLA13 variant (= 1).
High relative luminescence suggests low cell death response and therefore loss of AVRAa13-1
interaction with MLA13. The four data points represent two technical replicates performed
with two independently prepared protoplast samples. Treatments labelled with different
letters differ significantly (p < 0.05) according to the Dunn’s test. ¢, Agrobacterium-mediated
co-expression of AVRa13-1 with MLA13 substitution mutants believed to contribute to MLA13
interface and cell death response in leaves of N. benthamiana. Three independent replicates
were performed with two Agrobacterium transformations and plant batches (Supplementary
Fig. 3). d, Western blot analysis of MLA13 substitution mutants. e, Western blot analysis of
AVRAa13-1 and AVRAz22.
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Fig. 5 | The MLA7-%928 sybstitution mutant results in expanded effector recognition. a,
Co-expression of MLA7 and MLA7-%°2S with AVRa7 and AVRa13 variants in barley protoplasts.
Luminescence is normalised to EV + MLA7 (= 1) or EV + MLA7%92S (= 1). High relative
luminescence suggests low cell death response and therefore suggests low effector
interaction with the receptor. The six data points represent two technical replicates
performed with three independently prepared protoplast samples. Treatments labelled with
an asterisk differ significantly (p <0.05) according to the Welch two-sample t-test. b,
Agrobacterium-mediated co-expression of MLA7 and MLA7-92S with AVRaz and AVRa13
variants in N. benthamiana leaves. Three independent replicates were performed
(Supplementary Fig. 4). ¢, Western blot analysis of the effector variants tested in (b). d,
Western blot analysis of MLA7 and MLA7-%02,
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