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Abstract

Throughout their evolution, plant nucleotide-binding leucine-rich-repeat receptors (NLRs) have
acquired widely divergent unconventional integrated domains that enhance their ability to detect
pathogen effectors. However, the functional dynamics that drive the evolution of NLRs with integrated
domains (NLR-IDs) remain poorly understood. Here, we reconstructed the evolutionary history of an
NLR locus prone to unconventional domain integration and experimentally tested hypotheses about
the evolution of NLR-IDs. We show that the rice (Oryza sativa) NLR Pias recognizes the effector AVR-
Pias of the blast fungal pathogen Magnaporthe oryzae. Pias consists of a functionally specialized NLR

pair, the helper Pias-1 and the sensor Pias-2, that is allelic to the previously characterized Pia pair of
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NLRs: the helper RGA4 and the sensor RGAS. Remarkably, Pias-2 carries a C-terminal DUF761
domain at a similar position to the heavy metal-associated (HMA) domain of RGAS. Phylogenomic
analysis showed that Pias-2/RGAS sensor NLRs have undergone recurrent genomic recombination
within the genus Oryza, resulting in up to six sequence-divergent domain integrations. Allelic NLRs
with divergent functions have been maintained trans-species in different Oryza lineages to detect
sequence-divergent pathogen effectors. By contrast, Pias-1 has retained its NLR helper activity
throughout evolution and is capable of functioning together with the divergent sensor-NLR RGAS to
responds to AVR-Pia. These results suggest that opposite selective forces have driven the evolution of
paired NLRs: highly dynamic domain integration events maintained by balancing selection for sensor
NLRs, in sharp contrast to purifying selection and functional conservation of immune signaling for

helper NLRs.

Keywords:
nucleotide-binding leucine-rich-repeat receptors (NLRs), paired NLR, integrated domains,

evolution, rice, Magnaporthe oryzae

Significance statement

Plants have evolved sophisticated defense mechanisms to fend off pathogens. Plant nucleotide-binding
leucine-rich repeat receptor (NLR) proteins play crucial roles in detecting pathogen molecules inside
plant cells and mounting defense responses. Here, we identified the Pias gene from rice, which encodes
the NLR pair Pias-1 “helper” and Pias-2 “sensor.” These proteins function together to detect the
pathogen molecule AVR-Pias of Magnaporthe oryzae and defend against rice blast disease. Pias is
allelic to the previously reported Pia gene. A comparison of Pias/Pia alleles among Oryza species
showed that Pias/Pia helper is evolutionarily and functionally conserved, whereas the Pias/Pia sensor
shows highly dynamic evolution, with various host domains integrated into similar positions, allowing

it to detect a wide variety of pathogen molecules.

Introduction

Plants are continually attacked by a multitude of microbial pathogens. Pathogens secrete effector molecules
to enable the invasion of their hosts (Hogenhout et al. 2009). To counter this, plants have evolved a
surveillance system that detects pathogen effectors inside the plant cell, leading to effector-triggered
immunity (ETI; Jones and Dangl, 2006). Nucleotide-binding leucine-rich-repeat receptors (NLRs) play
pivotal roles in ETI, which frequently leads to hypersensitive response (HR)-mediated cell death (Kourelis
and van der Hoorn, 2018; Adachi et al. 2019a). NLR genes underwent lineage-specific expansions in most

plant genomes (~150 in Arabidopsis thaliana and ~500 in rice (Oryza sativa)) and are among the most
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75  variable genes in plants, pointing to strong selection pressure from pathogens (Clark et al. 2007; Van de
76  Weyer et al. 2019). NLR proteins are characterized by a conserved nucleotide-binding (NB) domain and a
77  leucine-rich-repeat (LRR) domain. NLRs are divided into two major groups depending on the type of N-
78  terminal domain: NLRs with the N-terminal coiled-coil (CC) domain are called CNLs (CC-NLRs), and those
79  with the N-terminal Toll-like domain are called TNLs (TIR-NLRs). CNLs are widespread in the plant
80  kingdom. TIRs are grouped into the canonical TIR and TIR2 subclasses. Though TIR2-NB proteins are
81 found in monocot plants, TNLs with canonical TIR domains have been detected in dicot but not in monocot
82  plants (Pan et al. 2000; Sarris et al. 2016). ADP/ATP exchange at the NB domain (Bernoux et al. 2016;
83 Wang et al. 2019a) and oligomerization of NLRs (Ma et al. 2020; Martin et al. 2020; Sharif et al. 2019;
84  Tenthorey et al. 2017; Wang et al. 2019b; Zhang et al. 2015) trigger ETI signaling. The Arabidopsis CNL
85  ZARI forms a pentamer “resistosome” complex after binding to a host protein and a pathogen effector. This
86  leads to the protrusion of the N-terminal alpha helix, which perturbs the plasma membrane to trigger the HR
87  (Wang et al. 2019ab), a process potentially mediated by Ca* influx (Bi et al. 2021). The Arabidopsis TNL
88  RPPI forms a tetramer “resistosome” upon binding to its cognate effector ATR1, followed by an increase in
89  its NAD"ase activity (Ma et al. 2020), which triggers cell death (Wan et al. 2019; Horsefield et al. 2019).
90  These recent breakthroughs have started to reveal the biochemical links between NLR molecular structure
91  and HR induction (Adachi et al. 2019b).
92 NLRs can function as singletons, in pairs or in networks (Adachi et al. 2019a). Arabidopsis ZAR1
93  (Wang et al. 2019a), RPP1 (Krasileva et al. 2010), and many other NLRs function as singleton NLRs and
94  recognize AVRs directly or indirectly. Two NLR proteins encoded by genetically linked genes function
95  together as paired NLRs. One of the paired NLRs frequently has a non-canonical domain called the
96  integrated domain (ID). IDs are thought to have been derived from other host proteins (Kroj et al. 2016;
97  Sarris et al. 2016). Examples of paired NLRs include RPS4/RRS1 in Arabidopsis (Williams et al. 2014; Le
98  Roux et al. 2015) and RGA4/RGAS5 (Okuyama et al. 2011; Cesari et al. 2013), Pik1/Pik2 (Ashikawa et al.
99  2008; Magbool et al. 2015), and Piil/Pii2 in rice (Takagi et al. 2013; Fujisaki et al. 2017). Multiple NLRs
100  encoded by unlinked genes may function together; these network NLRs (Wu et al. 2017) include NRC2,
101  NRC3, and NRC4 in Solanaceae plants. When NLRs function as a pair or network, one NLR is involved in
102  the recognition of the AVR effector (the “sensor NLR”), whereas the other plays a role in signaling (the
103 “helper NLR”). Recent studies have expanded our understanding of the genetic architecture of NLR pairs
104  and networks; however, how they function together and how they evolved remain elusive.
105 A phylogenetic study of 4,184 NLRs in the genomes of seven Poaceae species including rice, wheat,
106  and other grass species grouped the NLRs into 24 major clades, including three clades (MIC1, MIC2, and
107  MIC3) containing the majority of NLRs with IDs (Bailey et al. 2018). NLRs in clade MIC1 (including
108  RGAS) are characterized by a wide variety of IDs integrated into similar positions in the NLR after the LRR
109  domain. Bailey et al. (2018) reported a conserved 43—amino acid motif between LRR and ID named the CID
110  (conservation and association with IDs) motif. The authors proposed a possible evolutionary mechanism of
111  ID generation and ID shuffling mediated by the CID motif. However, this study examined only a few

112 genomes from each species, with a focus on inter-species diversity within the Poaceae, and provided limited
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113  information about the recent diversification of NLRs within a single genus. In addition, experimental
114  validation of the hypotheses underpinning the functional diversity of NLRs with IDs remains limited.

115 Rice blast disease caused by blast fungus (Magnaporthe oryzae [syn. Pyricularia oryzae)) is a major
116  disease of rice that threatens world food security (Pennisi 2010). The best way to control this disease is to
117  deploy cultivars with resistance (R) genes. To date, 40 R-genes against blast have been reported, and 25 have
118  been cloned, most of which encode NLRs (Liu et al. 2010; Wu et al. 2015). However, the molecular
119  interactions between rice NLRs and blast AVRs are understood for only a small number of cases, including
120  Pita and AVR-Pita (Orbach et al. 2000; Jia et al. 2000), Pia and AVR-Pia/AVRI1-CO39 (Cesari et al. 2013),
121  Pik and AVR-Pik (Kanzaki et al. 2012; Maqgbool et al. 2015), Pii and AVR-Pii (Takagi et al. 2013; Fujisaki
122 et al. 2015; 2017), and Pizt and AVR-Pizt (Park et al. 2016, Wang et al. 2016).

123 The rice Pia pair, consisting of the NLR helper RGA4 and the NLR sensor RGAS, is one of the
124  most well-characterized NLR pairs (Okuyama et al. 2011; Cesari et al. 2013). Overexpression of RGA4 in
125  Nicotiana benthamiana and rice protoplasts caused HR-like cell death in the respective plant species,
126  suggesting that the helper RGA4 is responsible for HR signaling. RGA4-mediated cell death was suppressed
127 by co-expression of RGAS5, indicating that RGA5 negatively regulates RGA4-mediated defense signaling.
128  Finally, co-expression of RGAS5, RGA4, and AVR-Pia triggered cell death via the direct binding of AVR-
129  Piato HMA ID of the sensor RGAS (Cesari et al. 2013). This study, together with a study of the Arabidopsis
130  RPS4/RRSI pair (Williams et al. 2014; Le Roux et al. 2015), supported a negative regulation model for
131  paired NLRs in which helper NLRs function in HR signaling and sensor NLRs in the suppression of helper
132 NLR activity. Upon binding or modification of the sensor-NLR IDs by pathogen AVRs, this suppression is
133 released, allowing HR signaling to proceed. However, a recent study of rice Pikp paired NLRs suggests a
134  helper-sensor cooperation model. Expression of the helper NLR alone did not cause cell death in V.
135  benthamiana and co-expression of the helper and sensor was required for triggering effector-dependent HR-
136  like cell death (Zdrzatek et al. 2020).

137 Here, we describe the rice NLR pair Pias, which recognize the M. oryzae effector AVR-Pias. Pias
138  encodes the helper Pias-1 and the sensor Pias-2 and is allelic to the previously characterized Pia gene,
139 encoding the NLR pair helper RGA4 and sensor RGAS. Pias-2 carries a C-terminal DUF761 domain at a
140  similar position to the heavy metal-associated (HMA) domain of RGAS. We show that the Pias/Pia helper
141  NLR lineage is evolutionarily and functionally conserved, while its sensor NLR lineage shows highly
142  dynamic evolution with various host domains integrated into similar positions, possibly allowing it to detect
143 a wide variety of pathogen molecules.

144

145  Results

146

147  TIsolation of rice Pias NLR genes and the matching gene AVR-Pias from Magnaporthe oryzae

148  Aspart of a large genetic screen to identify novel rice blast resistance genes, we crossed japonica-type rice
149  cultivar Hitomebore to 20 different rice cultivars representing the worldwide genetic diversity of rice,

150  resulting in the generation of recombinant inbred lines (RILs) of the F7-Fo generations. We inoculated the
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151  parental rice lines with a panel of M. oryzae isolates and recorded their resistance or susceptibility to each
152  isolate. Since Hitomebore was susceptible to M. oryzae isolate 2012-1 but indica-type accession WRC17
153  (cultivar Keiboba; Kojima et al. (2005)) was resistant to this isolate, we set out to isolate the resistance genes
154  in WRCI17 rice against the 2012-1 pathogen. The 58 RILs derived from a cross between Hitomebore and
155  WRCI17 segregated into 52 resistant and 6 susceptible lines (Fig. 1A), indicating that WRC17 likely contains
156  more than one locus conferring resistance against 2012-1.

157 To identify the resistance genes, we performed whole-genome sequencing and RNA-seq of WRC17
158 and conducted an association study using a bioinformatics pipeline we named “RalDeN”
159  (https://github.com/YuSugihara/RalDeN) using the RILs segregating for these phenotypes (Fig. 1; Suppl.
160  Fig. 1). We sequenced the genomes WRC17, Hitomebore, and six RILs showing susceptibility to the isolate
161  2012-1 on an Illumina DNA sequencer (Suppl. Table 1) and subjected the short reads of WRC17 to de novo
162  assembly with DISCOVAR (https://www.broadinstitute.org/software/discovar/blog/), resulting in the
163  WRCI17 reference genome sequence (Suppl. Table 2). We also performed RNA-seq of WRC17 leaves that
164  had been inoculated with M. oryzae (2012-1). The RNA-seq reads were mapped to the WRC17 reference
165  genome, revealing 22,561 genes expressed from the WRC17 genome. The short reads obtained from
166  Hitomebore and six susceptible (S-) RILs were aligned to the genome sequences of the 22,561 expressed
167  genes. We reasoned that Hitomebore and the six S-RILs share the same DNA sequences in the candidate
168  genes responsible for their resistance that are different from the sequences in resistant WRC17 (Suppl. Fig.
169 1). Two types of DNA polymorphisms were considered: (1) presence/absence of the genes and (2) SNPs in
170  the genes. We identified 14 genes that were present in WRC17 but absent from Hitomebore and the six S-
171  RILs, in addition to 839 genes with shared SNPs among Hitomebore and the S-RILs that were different from
172 the sequences of WRC17.

173 From this group of 853 genes (Suppl. Dataset 1), we selected Resistance Gene Analogs (RGAs)
174  using “RGAugury” (Li et al. 2016), which predicts genes encoding putative NLRs, Receptor-Like Kinases
175  (RLKs), and Receptor Like Proteins (RLPs). This analysis identified 38 RGAs as the candidate genes (Suppl.
176  Table 3). Since most rice resistance genes against M. oryzae reported to date are NLRs, we focused on 18
177  NLR (11 CNL and 7 NL) genes as the candidate resistance genes of WRC17 against M. oryzae isolate 2012-
178 1. Among the 18 NLR genes, only one (NL-04) showed presence/absence polymorphisms, and the rest
179  contained SNPs associated with the phenotypes. We developed DNA markers in the candidate NLR genes
180  and studied their association with phenotypes using 58 RILs segregating for resistance and susceptibility to
181  the isolate 2012-1 (Suppl. Fig. 2A). This analysis showed that 16 NLRs were tightly linked to each other
182  and that the two other NLRs were linked to each other, suggesting that the two loci (designated Pi-W17-1
183  and Pi-W17-2) are involved in the resistance of WRC17 against 2012-1 (Fig. 1B). Genotyping of the 52
184  RILs using the markers located in the two loci, Pi-W17-1 (CNL-04) and Pi-W17-2 (NL-07 and W17.11718),
185  suggested that the lines became resistant when either of the two loci contained the WRC17-type allele (Fig.
186  1A; Suppl. Fig. 2A).

187 The genomic position of Pi-WI17-1 corresponds to that of the previously reported Pia locus
188  (Okuyama et al. 2011), and the position of Pi-W17-2 corresponds to that of the Pita (=NL-07) and Ptr
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189  (=W17.11718) loci (Zhao et al. 2018; Orbach et al. 2000; Meng et al. 2020). Among the progeny showing
190  resistance against 2012-1, we selected 19 RILs containing PiW17-1 but not PiW17-2. These lines shared 10
191  candidate NLR genes within the PiW17-1 region. (Fig. 1B; Suppl. Fig. 2B). We performed RNAi-mediated
192  gene silencing of eight of these genes (encoding proteins over 900 amino acids long) (Suppl. Fig. 2C) using
193  the RIL HW-RIL7, which contains Pi-W17-1 but lacks Pi-W17-2. When CNL-04 or CNL-05 was silenced,
194  its resistance against 2012-1 became compromised (Suppl. Fig. 2CD). We confirmed this result by
195  generating CNL-04 and CNL-05 knockout mutant lines by CRISPR/Cas9-mediated genome editing (Fig.
196  1C; Suppl. Fig. 3). These data suggest that Pi-W17-1-mediated resistance requires both the neighboring
197  NLRs CNL-04 and CNL-05. Indeed, the position of CNL-04 corresponds to that of RGA4, whereas the
198  position of CNL-05 corresponds to that of RGAS of Pia (Fig. 1D; Okuyama et al. 2011). Interestingly, CNL-
199 04 issimilar to RGA4 in terms of both structure and DNA sequence (96.6% DNA sequence identity), whereas
200  CNL-05 has a distinct structure and a DNA sequence that diverged from RGAS5 (59.8% DNA sequence
201  identity) (Suppl. Fig. 4). Pia RGA5 encodes a protein with a heavy metal-associated (HMA) domain in its
202  C terminus (Okuyama et al. 2011), whereas CNL-05 encodes a protein with a 19—amino acid motif
203  corresponding to domain of unknown function 761 (DUF761) near its C terminus. The physical distance
204  between CNL-04 and CNL-05 is 8.7 kb, which is longer than that between RGA4 and RGA5 (3.7 kb) (Fig.
205 1D). In view of the substantial differences between CNL-05 and RGAS5, we decided to name this WRC17
206  allele Pias, CNL-04 as Pias-1, and CNL-05 as Pias-2 (Suppl. Fig. 5).

207 To isolate the AVR-Pias avirulence gene cognate of rice NLR Pias, we performed an association
208  study of expressed genes encoding candidate effector proteins (See Suppl. Fig. 6 and Suppl. Table 4, 5 for
209  details). This analysis identified three genes (G9141, G9435, and G9532) as candidates of AVR-Pias. We
210  selected M. oryzae isolate A092-06-2, which is compatible with HW-RIL7, transformed it with each of the
211  candidate genes, and tested their interactions with HW-RIL7 (Suppl. Fig. 7). Transformation with one of
212 the candidate genes, G9532, rendered A092-06-2 incompatible with HW-RIL7 (Suppl. Fig. 7A), suggesting
213 that G9532 is AVR-Pias. To validate this result, we generated a knockout mutant of G9532 in the 2012-1
214 background, which became compatible with HW-RIL7 (Fig. 1E; Suppl. Fig. 8). These results indicate that
215 (9532 is AVR-Pias, which is recognized by Pias. Both Pias-1 and Pias-2 are required for the recognition of
216  AVR-Pias, as knockout of either NLR gene abrogated resistance (Suppl. Fig. 7B). AVR-Pias is a 91-amino
217  acid protein with a secretion signal peptide (Fig. 1F). This protein contains a 12—amino acid Toxin18-like
218  motif (a feature of proteins belonging to the conotoxin O superfamily) in its C terminus.

219

220  Various host domains are integrated into Pias/Pia sensor NLRs

221 Pias and Pia are allelic to each other, and both are composed of a pair of NLRs. The helper NLRs (Pias-1
222  and RGA4) are conserved, whereas the sensor NLRs (Pias-2 and RGAS5) are divergent, with different
223  integrated domains. To explore the diversity and evolution of Pias/Pia NLRs in the entire Oryza genus, we
224 obtained the genomic DNA sequences of the Pias/Pia locus from 171 accessions representing 11 Oryza
225  species as well as four non-Oryza species of Poaceae, including Setaria italica (foxtail millet), Panicum

226  hallii (Hall’s panicgrass), Hordeum vulgare (barley), and Aegilops tauschii (Tausch’s goatgrass) (SuppL
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227  Table 6). To validate the gene structures, we used RGA4/RGAS5 and Pias-1/Pias-2 genes as well as gene
228  models supported by RNA-seq for 10 Oryza accessions as queries to infer the gene models of 167 Oryza
229  accessions and four non-Oryza species using Exonerate software (http://www.ebi.ac.uk/~guy/exonerate)
230  (Suppl. Table 7, 8). The details of the gene model prediction pipeline and the results of RNA-seq alignment
231  to the Pias-2/RGAS5 genes are given in Suppl. Fig. 9. Remarkably, Pias-2/RGAS5 sensor proteins contain a
232 wide variety of IDs, with up to nine different domains, including HMA, DUF761, DUF677, Zinc_ribbon_12,
233  PKc MAPKK (PKc M), PKc like, and WRKY, inserted into the identical position after the LRR domain
234 (Fig. 2A). Around the junction of the ID and LRR domains, we identified a conserved 145— to 146—amino
235  acid motif named the LRR-ID intervening (LII) region (Fig. 2B), which spans four LRR domains. The LII
236  region partially overlaps but is different from the previously reported CID motif (Bailey et al. 2018; SuppL
237  Fig. 10).

238 We studied the frequency of different IDs in the 11 Oryza species used to reconstruct a phylogenetic
239  tree based on whole-genome sequences (Fig. 2C; Suppl. Table 6, 8). The IDs of the cultivated rice O. sativa
240 (44 samples) are shared by the HMA and DUF761 domains with similar frequencies. O. rufipogon (13
241  samples), the wild progenitor of O. sativa, contains DUF677 and PKc_M in addition to HMA and DUF761.
242  Oryza species belonging to the A-genome group (O. sativa, O. rufipogon, O. barthii, O. glumaepatula, and
243 O. meridionalis) contain a higher proportion of the DUF761 1D, suggesting its importance in their defense.
244  However, outside the A-genome species, the DUF761 ID is absent. Instead, PKc_M (O. brachyantha and O.
245  punctata), DUF677 (O. officinalis), and HMA (O. australiensis) are dominant, indicating that the integration
246  ofthe DUF761 domain into Pias-2/RGAS5 likely occurred in the immediate ancestor of the A-genome species
247  that diverged from other Oryza lineages over 2.3 million years ago (TimeTree; http:/www.timetree.org/).
248 A comparison of the genome sequences around Pias/Pia sensor-NLR genes between O. punctata
249  and O. sativa cultivar Nipponbare revealed an interesting conserved region (Fig. 2DE). Both of their coding
250  regions contain conserved LII sequences, whereas the IDs downstream of the LII are different: PKc M for
251  O. punctata W1582 and DUF761 for O. sativa Nipponbare. However, in the 30.8-kb region downstream of
252  the O. sativa Nipponbare Pias-2 gene, two regions (block a and b) share high DNA sequence similarity with
253  the LI and ID sequences of O. punctata W1582 Pias-2 homolog (Fig. 2DE; Suppl. Fig. 11): Block a
254 corresponds to region LII to exon-6, and block b corresponds to exon-7 to -10 of the O. punctata W1582
255  Pias-2 homolog. Perhaps this conserved sequence downstream of the O. sativa Nipponbare Pias sensor is a
256  footprint of the replacement of the ID from PKc_M to DUF761 via homologous recombination at the LII
257  region (Fig. 2F). A survey of 51 A-genome Oryza accessions with the DUF761 ID revealed that the O.
258  punctata W1582 LII-ID-like sequence is widely conserved in O. sativa, O. rufipogon, O. meridionalis, and
259  an accession of O. barthii (Accession W1702), but not in the majority of O. barthii and O. glumaepatula
260  accessions (Suppl. Table 9; Suppl. Fig. 12). These results indicate that this possible recombination occurred
261  only once and that the footprint was probably lost in the latter two species. We did not detect similar
262  footprints in other sensor Pias/Pia NLRs with non-DUF761 IDs.

263

264 Contrasting patterns of evolution of Pias/Pia sensors and helpers
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265  To explore the evolutionary patterns of the Pias/Pia NLR locus, we reconstructed phylogenetic trees of
266  Pias/Pia NLR pairs separately for the helper NLR (Pias-1 and RGA4) and the sensor NLR (Pias-2 and
267  RGAD5) using the amino acid sequences of the helper NLRs (full-length protein) and sensor NLRs (full-
268  length protein except the ID domain) of 22 Oryza accessions and four accessions from other Poaceae genera.
269  Note that Pias/Pia helper and sensor NLRs belong to distantly related NLR clades (Bailey et al. 2018).
270  Overall, the helper NLR tree (Fig. 3A) is consistent with the species tree (Fig. 2C) with a few exceptions.
271  Species in the AA genome group (O. sativa subsp. japonica, O. sativa subsp. indica, O. rufipogon, O. barthii,
272 O. glumaepatula, and O. meridionalis) clustered together. Only the placement of O. australiensis (accession
273 WO0008) is not congruent between the Pias-1/RGA4 helper NLR tree and the species tree. On the other hand,
274  the sensor-NLR tree is quite distinct from the helper NLR tree and is not congruent to the species tree.
275  Remarkably, the sensor NLRs show a higher level of divergence than the helper NLRs (Fig. 3A). The sensor
276  phylogeny includes two major clades (Cland C2) separated by deep branches. RGA5 of O. sativa cv.
277  Sasanishiki (Okuyama et al, 2011) belongs to the C1 clade, whereas Pias-2 of O. sativa WRC17 belongs to
278  the C2 clade. Four species of the AA genome group (O. sativa subsp. japonica, O. sativa subsp. indica, O.
279  rufipogon, O. barthii, and O. meridionalis) and O. punctata (BB genome) have sensor-NLR alleles from
280  both the C1 and C2 clades, whereas O. australiensis (EE genome), O. granulata (GG genome), and O.
281  brachyantha (FF genome) have Cl alleles, and O. glumaepatula (AA genome) and O. officinalis (CC
282  genome) have C2 alleles. Therefore, phylogenetic analysis of the sensor NLR of the Pias/Pia locus pointed
283  to trans-species polymorphism, which is reminiscent of the major histocompatibility (MHC) gene
284  polymorphism in vertebrates (Edwards and Hedrick, 1998).

285 To determine whether the paired NLRs have accumulated mutations at different rates, we calculated
286  the nucleotide diversity and Tajima’s D (Tajima, 1989). The nucleotide diversities of the Pias-2/RGAS
287  sensor was markedly higher than that of the Pias-1/RGA4 helper for each of the CC, NBS and LRR(-LII)
288  domains (Fig. 3B). Also, the three domains of Pias-1/RGA4 helper and Pias-2/RGAS5 sensor had contrasting
289  negative and positive Tajima’s D, respectively (Fig. 3C), indicating purifying selection in Pias-1/RGA4 and
290  Dbalancing selection in Pias-2/RGAS, especially in the LRR domain. These results suggest that the genetically
291  linked helper and sensor NLRs of the Pias/Pia locus in the genus Oryza have undergone contrasting modes
292  of evolution.

293 To determine the types of nucleotides substitutions in the Pias-1/RGA4 helper and Pias-2/RGAS sensor,
294  we calculated dy (non-synonymous mutations) and ds (synonymous mutations) (Fig. 3D). Consistent with
295  higher nucleotide diversity and Tajima’s D, we noted overall higher dy and ds in Pias-2/RGAS5, notably in
296  NBS and LRR domains (Fig. 3D). We also observed that the pairwise dy and ds of Pias-1/RGA4 was
297  constrained by the low genetic divergence in many of the examined pairs. Nonetheless, ds was higher in
298  Pias-1/RGA4 for CC domain than in Pias-2/RGAS5 (Fig. 3D; Suppl. Fig. 13). These results suggest that
299  different evolutionary patterns affect the different domains of Pias-1/RGA4 and Pias-2/RGAS.

300

301  Pias-1 helper functions with the RGAS sensor to recognize AVR-Pia
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302  Pia comprises the helper NLR RGA4 and the sensor-NLR RGAS5. The expression of RGA4 triggers HR cell
303  death in rice as well as N. benthamiana, and RGAS5 suppresses RGA4-mediated cell death (Césari et al.
304  2014). Upon the binding of AVR-Pia to HMA ID of RGAS, this suppression is released, and HR-like cell
305  death is triggered (Césari et al. 2014). To address the functional conservation of helper/sensor NLRs of the
306  Pias/Pialocus, we examined the functions of helper NLRs by transiently overexpressing five Pias/Pia helper
307 NLRs in N. benthamiana using agroinfiltration (Suppl. Fig. 14). Only RGA4 supported strong cell death,
308  and other alleles including Pias-1 caused weaker cell death, indicating that the role of RGA4 as a strong HR
309  inducer is not typical among the tested helper NLRs (Suppl. Fig. 14). Next, we tested the effects of co-
310  expressing Pias-1 and Pias-2, which surprisingly resulted in stronger cell death than that caused by Pias-1
311  expression alone (Suppl. Fig. 15). Co-expression of AVR-Pias with Pias-1 and Pias-2 did not alter the level
312 of cell death (Suppl. Fig. 15). A co-immunoprecipitation analysis showed that Pias-1 and Pias-2 interact
313  (Suppl. Fig. 16), and a yeast two-hybrid assay showed that the CC-domains of Pias-1 and Pias-2 form homo-
314  and heterodimers (Suppl. Fig.16). These results suggest that Pias-1 and Pias-2 physically interact like
315 RGA4/RGAS, but their mode of action is different from that of the RGA4/RGAS pair.

316 We next examined the effects of exchanging various helper and sensor Pias/Pia NLRs by performing
317  atransient expression assay in N. benthamiana leaves (Fig. 4A, Suppl. Fig. 17). Co-expression of the sensor
318 RGAS with the two heterologous helpers (Pias-1 and RGA4-Ogr from O. granulata) suppressed HR-like
319  cell death, indicating that RGAS can suppress the cell death induced by helper NLRs other than RGA4 (Fig.
320  4A, Suppl. Fig. 17). Furthermore, this RGAS5-mediated suppression of the Pias-1-triggered HR was released
321  via co-expression of AVR-Pia, which resulted in cell death (Fig. 4A; Suppl. Fig. 17). A similar result was
322  obtained using RGA4-Ogr helper (Fig. 4A; Suppl. Fig. 17). These results indicate that the sensor RGAS
323  properly functions with helpers other than RGA4 to recognize AVR-Pia and mount the HR in N.
324  benthamiana.

325 Finally, we generated transgenic rice plants (HW-RIL7:35S-RGAS) expressing the RGAS transgene
326  driven by the 35S cauliflower mosaic virus (CaMV35S) promoter in the Pias (Pias-I and Pias-2)
327  background. We challenged these lines with two M. oryzae isolates: A092-62-2 harboring the AVR-Pia
328  transgene and A092-62-2 harboring the AVR-Pias transgene (Fig. 4B; Suppl. Fig. 18). Remarkably, HW-
329  RIL7:35S-RGAS exhibited resistance against M. oryzae containing A VR-Pia (Fig. 4B). Although the HW-
330 RIL7:35S-RGAS lines consistently showed resistance against M. oryzae containing AVR-Pia, their
331  resistance against M. oryzae containing 4VR-Pias varied. We crossed an rga4 mutant in the Sasanishiki
332 background (Sas1493; Okuyama et al. 2011) with HW-RIL7 and obtained F1-B plants. These plants,
333 harboring intact RGAS as well as Pias-1 and Pias-2, now recognized and triggered resistance against M.
334  oryzae containing AVR-Pia, but not AVR-Pias (Fig. 4B). Similar results were obtained for F1-A plants
335  generated by crossing Sasanishiki (WT) with HW-RIL7 (Fig. 4B). These results suggest that Pia function is
336  dominant over Pias function in terms of the recognition of AVR-Pia and AVR-Pias.

337 These results suggest that Pias-1 helper functions together with RGAS in rice to recognize and
338  mount resistance against M. oryzae containing AVR-Pia, suggesting that the helper function has been

339  conserved over the long history of Pias/Pia evolution.


https://doi.org/10.1101/2021.09.01.458560
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.01.458560; this version posted February 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

340

341 Discussion

342

343  Our study investigated the evolution of a pair of genetically linked NLRs in the genus Oryza and provided
344  experimental evidence that the two paired NLRs have evolved in dramatically contrasting fashions. This
345  study points to the evolution of a modular architecture of paired NLRs. Division of roles between a conserved
346  helper NLR for signaling and a divergent sensor NLR with a cassette-like receptor domain for pathogen
347  sensing may have given plants the ability to efficiently fend off rapidly evolving microbe pathogens.

348 We identified and functionally characterized the rice R-gene Pias. This gene encodes the paired
349  NLRs Pias-1 helper and Pias-2 sensor, which recognizes the M. oryzae effector AVR-Pias. Pias is allelic to
350  the well-studied R-gene Pia, encoding the NLRs RGA4 helper and RGAS5 sensor (Okuyama et al. 2011),
351  which recognizes the effectors AVR-Pia (Yoshida et al. 2009) and AVR1-CO39 (Cesari et al. 2013). The
352  allelic sensor-NLRs Pias-2 and RGAS carry different domains at their C termini. In RGAS5, the integrated
353  domain HMA directly binds to and recognizes two M. oryzae effectors, AVR-Pia and AVR1-CO39 (Cesari
354 et al. 2013). We have not yet detected direct binding between the DUF761 ID of Pias-2 and AVR-Pias
355  despite several attempts. Perhaps the recognition of AVR-Pias by Pias-2 requires other host components;
356  indeed, the recognition of AVR-Pii by Pii-2 requires the rice protein OsExo70-F3, which binds to both AVR-
357  Pii and Pii-2 (Fujisaki et al. 2015, 2017).

358 What is the origin of the integrated DUF761 domain of Pias-2? The rice sensor-NLRs RGAS5 and
359  Pik-1 contain HMA domains as IDs. The ID HMA shares high amino acid sequence similarity with rice
360  small heavy metal-associated domain proteins (sSHMAs: Oikawa et al. 2020; Biatas et al. 2021). We revealed
361  that the M. oryzae effector AVR-Pik binds to and stabilizes sSHMA proteins, likely to promote pathogen
362  infection (Oikawa et al. 2020; Maidment et al. 2021). To identify the proteins that provide the DUF761
363  domain to Pias-2 ID, we performed BLAST searches against the rice protein database using the short Pias-
364 2 DUF761 sequence (19 amino acids) as a query (Suppl. Fig.19). This identified 15 proteins with a similarity
365  threshold of E < 10. Most of the 15 proteins contained DUF761 at their C termini. Only a few functional
366  studies of DUF761-containing proteins have been performed. A study in cotton (Gossypium hirsuta) showed
367  that GhCFEIA, containing DUF761 and DUF4408 domains, binds to actin proteins and localizes to the
368  endoplasmic reticulum (ER) upon overexpression in N. benthamiana (Lv et al. 2015). Knockdown of
369  GhCFEIA did not cause any phenotypic changes, while its overexpression led to delayed cotton fiber cell
370  clongation. These results suggest that GhCFE1A is a linker protein that mediates the formation of the ER
371  network and actin cytoskeleton. Arabidopsis 470, encoding a DUF761-containing protein, is specifically
372  induced in the incompatible interaction with Pseudomonas syringae, but not in the compatible interaction
373  (Truman et al. 2007). Knockout of the Arabidopsis DUF761-containing protein gene DUF761-1 did not
374  have any phenotypic effects, whereas overexpressing DUF761-1 altered plant morphology and resulted in a
375  constitutive defense response, leading to enhanced resistance against P. syringae (Zhang et al. 2019). These
376  findings suggest that DUF761-containing proteins function in defense, presumably mediated by the actin-
377  ER network. Previous studies of the NLRome of Arabidopsis (Van de Weyer et al, 2019) and NLR-ID of
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378  various members of the plant kingdom (Sarris et al. 2016) showed that DUF761 is one of the most common
379  domains integrated into NLR as the ID. In Arabidopsis, DUF761 was integrated into TIR-NLR, and the
380 NLRs with DUF761-ID are in almost all cases paired with helper NLRs (Van de Weyer et al, 2019). These
381 findings suggest that the DUF761 domain is a major target of pathogen effectors and has been frequently
382  integrated into NLR. Future studies should investigate how AVR-Pias is recognized by Pias and how AVR-
383  Pias interferes with host cellular processes by its possible interaction with DUF761-containing proteins.
384

385  Divergent sensor NLRs in the Pias/Pia lineage

386  The Pias-2/RGAS sensor-NLR lineage is extremely divergent among Oryza species, with up to six different
387  ID motifs integrated at their C termini (Fig. 2). These hugely divergent IDs may mediate the detection of a
388  diversity of effectors from the blast fungus and possibly other pathogens. We hypothesize that the diversity
389  ofthe Pias-2/RGAS5 lineage has been maintained by natural selection to maintain various IDs that recognize
390 the invasion of pathogens by directly binding to effectors or guarding host factors that are modified by
391  effectors.

392 Within Oryza species, there are two major clades, C1 and C2. Notably, alleles from both clades are
393 maintained within the species O. sativa, O. rufipogon, O. barthii, O. meridionalis, and O. punctata. The
394  observed trans-species allelic divergence and their roles in detecting pathogen molecules are similar to those
395  of'the major host incompatibility (MHC) locus of vertebrates (Edwards and Hedrick, 1998). Individuals with
396  higher heterozygosity at the MHC locus might have higher fitness (overdominance) due to their ability to
397  bind to a larger number of pathogen peptides (Takahata and Nei, 1990; Piertney and Oliver, 2006). Perhaps
398  in the ancestral outcrossing Oryza species, heterozygous plants with a larger repertoire of NLRs with
399  different IDs had a selective advantage against a multitude of pathogens. It is also possible that frequency-
400  dependent selection helped maintain this polymorphism. When the frequency of a pathogen effector in a
401  population increases, the frequency of an allele for a cognate sensor NLR will increase, resulting in a
402  reduction in the frequency of pathogen alleles in the population. In turn, the frequency of another effector
403  gene will increase in the pathogen, and the frequency of the cognate sensor NLR will increase. According
404  to this Red Queen model, the allele frequencies of both effector and sensor NLRs oscillate and may be
405  maintained for a long time by balancing selection (Takahata and Nei, 1990; Woolhouse et al. 2002; Terauchi
406  and Yoshida, 2010). In summary, the highly divergent evolution of Pias/Pia sensor NLRs with variable IDs
407  seems driven by the fitness gain obtained by an enhanced recognition capability of pathogen effectors.

408

409  Genetic mechanism of ID switching in Pias/Pia NLRs

410

411  The Pias/Pia sensor NLRs contain various ID sequences at the identical position downstream of the LRR
412  domain. This suggests the presence of a mechanism for “cassette”-like exchange of IDs between sensor
413  NLRs. Between the LRR and ID, we identified a highly conserved stretch of 145-amino acid sequences
414  named LII. Bailey et al. (2018) reported a 43—amino acid CID motif conserved in the region between the
415 LRR and ID of the MIC1 NLR clade by studying the NLRs of seven Poaceae species. The LII motif
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416  identified encompasses the CID motif (Suppl. Fig. 10) but extends to the N-terminal direction by
417  approximately 100 amino acids. Bailey hypothesized that the CID could serve as a recombination point of
418  integration of genomic sequences. Despite the difference in the conserved motif, our data basically support
419  Bailey (2018)’s hypothesis that this region serves as the recombination point for the integration of
420  endogenous sequences matching various protein domains. In support of this idea, the downstream sequence
421  of a Pias sensor NLR with DUF761 contains a DNA sequence similar to the LII and ID regions of the O.
422  punctata Pias sensor homolog. Perhaps the PKc M ID of the original O. punctata Pias was replaced by the
423  DUF761 ID, and this switch caused the translocation of PKc M to the region downstream of the sensor NLR
424  gene (Fig. 2F). In view of the high sequence conservation between O. punctata PKc M ID and the
425  downstream sequence, it is also possible that the downstream sequence was functional until the recent past,
426  the Pias sensor contained the dual IDs DUF761 and PKc M in the same molecule, or Pias switched between
427  these two IDs, possibly via alternative splicing. Future studies should address the mechanism of LII-
428  mediated recombination.

429

430  Function of Pias/Pia paired NLRs

431

432  Piahas been extensively studied (Césari et al. 2014) and serves as a paradigm for paired NLRs together with
433  the paired NLRs RPS4/RRS1 (Williams et al. 2014). In these two cases, the helper NLR is regarded as a cell
434  death inducer and the sensor NLR as a suppressor that maintains the complex in an inactive state when the
435  pathogen is absent. Once the sensor has been modified by direct binding (RGAS5) or modification (RRS1) of
436  the ID by pathogen effectors, the suppression of the helper is released and HR-like cell death occurs.
437  However, Pias NLRs do not function according to this model. In the N. benthamiana assay, Pias-1 functioned
438  as aweak cell death inducer and Pias-2 did not suppress Pias-1-mediated cell death. Indeed, Pias-1 and Pias-
439 2 together triggered stronger cell death than that caused by Pias-1 alone. A recent functional study of rice
440  Pikp, another paired NLR, also showed that the helper NLR alone does not cause cell death in the V.
441  benthamiana system and that the helper and sensor cooperate to trigger HR (Zdrzatek et al. 2020). Therefore,
442  the hypothesized functional roles of the helper as a cell death inducer and the sensor as a cell death suppressor
443  as well as a detector of effector molecules may not be as prevalent as assumed. The system of negative
444  regulation of a cell death inducer by a suppressor encoded by genetically separate factors carries tremendous
445  risks given that a loss-of-function mutation in the suppressor gene kills the carrier cells and incurs a genetic
446  load. Therefore, such an extreme negative regulation system is unlikely to be maintained over a long period
447  of evolution. We predict that cooperative NLRs in pairs or networks are more prevalent (Wu et al. 2017). Tt
448 s also possible that the Pias/Pia-paired NLR system is regulated by additional components in rice cells that
449  are absent from N. benthamiana. It would be interesting to experimentally determine what proportions of
450  paired NLRs function in negative regulation and in cooperation using N. benthamiana transient expression
451  assays. Further studies are needed to decipher the full regulatory network of Pias/Pia-paired NLR-mediated

452 resistance.
453
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454  Helper NLRs in the Pias/Pia lineage are functionally conserved

455

456  Phylogenetic reconstruction of the Pias/Pia NLR locus revealed that the helper NLR Pias-1/RGA4 is
457  conserved, whereas the sensor NLR Pias-2/RGAS5 is highly divergent (Fig. 3). An Arabidopsis NLRome
458  study showed that some NLR pairs coevolved, with the phylogenetic trees of helper and sensor NLRs
459  corresponding (Van de Weyer, 2019). Our findings for Pias/Pia NLRs do not align with these observations.
460 A functional study in N. benthamiana showed that Pias-1-mediated cell death was suppressed by RGAS5 and
461  that Pias-1 together with RGAS5 function in the recognition of AVR-Pia, leading to cell death (Fig. 4A).
462  Similarly, an RGA4 homolog of O. granulata that is phylogenetically distant from O. sativa also functions
463  with RGAS5 to recognize AVR-Pia (Fig. 4A). Moreover, a HW-RIL7 rice line harboring Pias as well as an
464  RGAS transgene recognized AVR-Pia (Fig. 4B). These results suggest that the function of the Pias-1/RGA4
465  helper lineage is conserved, which is in line with its conserved amino acid sequences. It is possible that the
466  separation of the roles of NLRs between the conserved helper and divergent sensor allowed for higher
467  flexibility of pathogen recognition compared to singleton NLRs. This flexibility would allow the plant to
468  cope with the rapid evolution of pathogens, which exhibit larger population sizes and shorter generation
469  times than the host plants. The functional understanding of the modular structure of paired NLRs revealed
470  here provides a basis for engineering NLRs to detect various effectors and to confer resistance to crops
471  against pathogens.

472

473

474  Materials and Methods

475

476  Rice pathogenicity assays

477  Rice leaf blade punch inoculation was performed using the M. oryzae isolates. A conidial suspension (3 X
478 10° conidia mL™") was punch inoculated onto a rice leaf 1 month after seed sowing. The inoculated plants
479  were placed in a dew chamber at 27°C for 24 h in the dark and transferred to a growth chamber with a 16-
480  h-light/8-h-dark photoperiod. Disease lesions were scanned 10 days post-inoculation (dpi), and lesion size
481  was measured using Image J software (Schneider et al. 2012).

482

483  RNA-seq of rice and barley leaves infected with M. oryzae 2012-1 isolate

484  Total RNA was extracted from rice and barley infected leaves using an SV Total RNA Isolation System
485  (Promega, WI, USA). One microgram of total RNA was used to prepare each sequencing library with an
486  RNA Sample Prep Kit v. 2 (TIllumina, CA, USA). The two types of libraries, created from infected barley
487  and rice leaves, were sequenced by paired-end (PE) and single-end (SE) sequencing using the NextSeq 500
488  platform.

489

490 DNA-seq for the RalDeN pipeline
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491 Genomic DNA was extracted from WRC17, Hitomebore, and S-RIL leaves using a NucleoSpin Plant II Kit
492  (Macherey Nagel Co, Diiren, Germany). Libraries for PE short reads were constructed using an Illumina
493  TruSeq DNA LT Sample Prep Kit (Tllumina, CA, USA). The PE library of WRC17 and other libraries were
494  sequenced on the Illumina MiSeq and HiSeq 4000 platforms.

495

496  Generation of PiW17-1 with knocked-down expression of candidate NLR genes in rice and
497  quantitative RT-PCR

498  The eight types of gene knockdown (RNAi) constructs (pANDA-PiW17-1 candidate NLRs) were generated
499 by PCR amplification of a specific fragment of each PiW17-1 candidate NLR gene from WRC17 WT cDNA.
500 The sequences were cloned into the Gateway vector pENTR/D-TOPO (Invitrogen, CA, USA) and
501 transferred into recombination sites of the pANDA vector (Miki and Shimamoto, 2004) using LR Clonase
502  (Invitrogen, CA, USA). The resulting vectors with eight types of pANDA-PiW17-1 candidate NLR genes
503  were introduced into Agrobacterium tumefaciens (strain EHA105) and used for 4. tumefaciens—mediated
504  transformation of HW-RIL7 following the method of Okuyama et al. (2011). Total RNA was extracted from
505  leaves using an SV Total RNA Isolation System (Promega, WI, USA) and used for quantitative RT-PCR
506  (qRT-PCR). cDNA was synthesized from 500 ng total RNA using a Prime Script RT Reagent Kit (Takara
507  Bio, Otsu, Japan). gqRT-PCR was performed using a StepOne Real-time PCR Instrument (Applied
508  Biosystems, CA, USA) with KAPA SYBR FAST PCR Master Mix (Kapa Biosystems, MA, USA). Melting
509  curve analysis (from 60 to 95°C) was included at the end of the cycles to ensure the consistency of the
510  amplified products. The comparative Ct (AACt) method was used to calculate the expression of CNL-04
511  (CNL-05) relative to the rice ACTIN gene (LOC _Os03g50885) as an internal control. The data presented are
512 the average and standard deviations from three experimental replications. The primers used to generate the
513  RNAI construct and for qRT-PCR are listed in Suppl. Table 10.

514

515  Generation of rice mutants of CNL-04 and CNL-05 by CRISPR/Cas9-mediated genome editing

516  Rice knockout mutants of CNL-04 and CNL-05 were generated using the CRISPR/Cas9 system developed
517 by Mikami et al. (2015). Sense and antisense target sequences were designed using the web-based service
518  CRISPR direct (http://crispr.dbcls.jp), annealed, and cloned into the pU6::ccdB::gRNA cloning vector
519  following digestion with BbsI as the target sequence. The target sequence with the OsU6 promoter was
520  cloned into the pZH::gYSA::MMCas9 vector following digestion with Ascl and Pacl. The resulting vectors
521  (pZH::gYSA::MMCas9-CNL-04 and -CNL-05) were introduced into 4. tumefaciens (strain EHA105) and
522  used for 4. tumefaciens—mediated transformation of HW-RIL7 following the method of Okuyama et al.
523  (2011). The resulting regenerated TO plants were sequenced, and the mutation type was confirmed using
524  primers listed in Suppl. Table 10.

525

526  Genetic complementation of the candidate AVR-Pias

527  Three candidate gene constructs (pCB1531-4AVR-Pias candidate) were generated by PCR amplification of
528  the coding sequences of the AVR-Pias candidate genes from cDNA prepared from M. oryzae 2012-1-infected
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529  barley leaves. The sequences were digested with Xbal and BamHI and cloned into pCB1531-pex22p-EGFP
530  (Yoshida et al. 2009) that had been linearized by digestion with Xbal and BamHI. The resulting vectors were
531  used to transform A092-06-2 (lacking 4 VR-Pias) following the method of Sweigard et al. (1997). M. oryzae
532  isolate 2012-1 mutated in G9532 was generated using the CRISPR/Cas9 system developed by Arazoe et al.
533  (2015). Sense and antisense target sequences were designed using the web-based service CRISPR direct
534  (http://crispr.dbcls.jp), annealed, and cloned into the pCRISPR/Cas-U6-1 cloning vector following the
535  method of Arazoe et al. (2015). To generate the targeting vector TV-G9532, the 5' flanking region of G9532
536  was amplified and cloned into pCB1636 (Sweigard et al. 1997) containing a hygromycin resistance gene
537  that had been linearized by inverse PCR using primers pCB1636iv2fwd and pCB1636iv2rev as described
538 by Shimizu et al. (2019) using in-fusion cloning (Clontech, Madison, WI, USA). Subsequently, the 3’
539  flanking region was amplified and cloned into a plasmid containing the 5' flanking region that had been
540  linearized by inverse PCR using primers pCB1636iv1fwd and pCB1636ivlrev as described by Shimizu et
541  al. (2019) using in-fusion cloning (Clontech, Madison, WI, USA). The resulting vectors were used to
542  transform the 2012-1 isolate (containing A VR-Pias) following the method of Sweigard et al. (1997). The
543  primers used for construct generation are listed in Suppl. Table 10.

544

545  Genome sequences used for the study

546  Genome sequences of 171 accessions of Poaceae plants were used, including 167 Oryza accessions as well
547 as one accession each from Aegilops tauschii, Hordeum vulgare, Panicum hallii, and Setaria italica. These
548  also included sequences of O. sativa “WRC17’ (this study) and O. sativa ‘Sasanishiki’ (Okuyama et al. 2011).
549  Genome sequences of 66 accessions were obtained from public databases: 52 accessions of O. sativa and O.
550  rufipogon (Zhao et al. 2018), O. sativa subsp. indica ‘ShuHui498’ (Du et al. 2017), O. sativa subsp. japonica
551  ‘Nipponbare’ (IRGSP. 2004), O. rufipogon “W1943’ (National Center for Gene Research), 5 accessions
552 from O. barthii, O. glumaepatula, O. meridionalis, O. punctata, and O. brachyantha (The Oryza Map
553  Alignment Project (OMAP)), O. officinalis “W0002’ (National Institute of Genetics, Japan), O. granulata
554 ‘W0067B’ (Wu et al. 2018), de. tauschii ‘AL8/78’ (Zimin et al. 2017), H. vulgare ‘Morex’ (Mascher et al.
555  2017), P. hallii ‘FIL2’ (DOE Joint Genome Institute), and S. italica ‘Yugul8’ (Bennetzen et al. 2012) (see
556  Suppl. Table 6 for details). For 101 accessions of the wild Oryza species (O. barthii, O. glumaepatula, O.
557  meridionalis, O. punctata, O. officinalis, O. brachyantha, and O. granulata), NGS reads (fastq format) of
558  whole-genome sequences were retrieved from the NGS NCBI database (Suppl. Table 6) and used for de
559  novo assembly by MaSuRCA (Zimin et al. 2013). For the two wild Oryza accessions, O. glumaepatula
560 W2184 and O. punctata W1582, DNA sequencing was performed using Oxford Nanopore Technology
561  (ONT) using genomic DNA extracted from their leaves. Sequencing was performed using the PromethION
562  system with a FLO-PROO002 flow cell (ONT). Base calling of ONT reads was performed on FASTS files
563  using Guppy (ONT). Subsequently, low-quality reads were filtered out, and de novo assembly was
564  performed using NECAT software (https:/github.com/xiaochuanle/NECAT/). To further improve the
565  accuracy of the assembly, Racon software (https:/github.com/lbcb-sci/racon) was applied twice, and
566  Medaka (https://github.com/nanoporetech/medaka) was used to correct mis-assembly. One round of
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567  consensus correction was performed using BWA (Li and Durbin, 2010) and HyPo
568  (https://github.com/kensung-lab/hypo) on Illumina short reads for the accessions.

569

570  Gene annotation and detection of Pias/Pia orthologs

571  Toinfer the protein coding regions of Pias-1/RGA4 and Pias-2/RGA5 genes, and to obtain information about
572 their ID sequences, we used the pipeline shown in Suppl. Fig. 9. We retrieved Pias-1/RGA4 and Pias-2
573  /RGAS5 gene models from the genome sequences and RNA-seq data publicly available for seven Oryza
574  samples (O. barthii ‘TIRGC105608’, O. glumaepatula ‘GEN1233 2°, O. meridionalis “W2112’, O. punctata
575 ‘IRGC105690°, O. australiensis “W0008’, O. brachyantha ‘IRGC101232’, and O. granulata “W0067B”).
576  For O. rufipogon “W1943’ and O. officinalis “W0002’, genome sequences were publicly available, but we
577  performed new RNA-seq analyses to improve gene prediction. For the sample O. punctata “W1582°, we
578  performed genome sequencing and RNA-seq analyses. We also used the RGA4/RGAS5 gene model of O.
579  sativa cv. Sasanishiki (Okuyama et al. 2011) and the Pias-1/Pias-2 gene model of O. sativa cv. Keiboba
580 (this study). The gene models of Pias-1/RGA4 and Pias-2/RGAS5 of these 12 Oryza samples were used as
581  queries to annotate IDs in the genome assembly of 167 Oryza samples using Exonerate
582  (http://www.ebi.ac.uk/~guy/exonerate). However, 10 samples of O. glumaepatula and six samples of O.
583  brachyantha did not match to known domains. Therefore, we incorporated RNA-seq data for each sample
584  for the two species, resulting in the annotation of the Zinc ribbon 12 (O. glumaepatula) and HMA (O.
585  brachyantha) 1Ds. In the next round, we used the gene models of 12 samples used in the first round of
586  Exonerate as well as two new samples (O. glumaepatula W2184 and O. brachyantha W0655) as queries to
587  infer IDs in the assembled genomes of 167 Oryza samples (Suppl. Table 6, 7, 8). This resulted in the
588 identification of five known domains and one unknown domain in the Oryza ID sequences.

589

590 Amino acid sequences and accession numbers of Pias/Pia orthologs

591  Amino acid sequences of Pias/Pia homologs used in this study were retrieved from the Eukaryotic Genome
592  Annotation of the NCBI database (Du et al. 2017; Mascher et al. 2017); accession numbers for Pias-1/RGA4
593  homologs and Pias-2/RGAS5 homologs are as follows: XP_015617251.1 and XP_015617810.1 for O. sativa
594  subsp. japonica ‘Nipponbare’, OsR498G1119642600.01 and OsR498G1119642700.01 for O. sativa subsp.
595  indica ‘ShuHui498’, XP 020148260.1 and XP 020148256.1 for Aegilops tauschii ‘ALS8/78’,
596 HORVU.MOREX.r2.4HG0288000.1 and HORVU.MOREX.r2.4HG0288010.1 for Hordeum vulgare
597  ‘Morex’, XP_025826635.1 and XP_025827327.1 for Panicum hallii ‘FIL2’, and XP_004979045.1 and
598  XP_004979046.2 for Setaria italica “Yugul8’.

599

600  Phylogenetic analysis of Pias-1/RGA4 and Pias-2/RGAS5 orthologs

601  The protein sequences of the Pias-1/RGA4 and Pias-2/RGA5 orthologs were aligned using webPRANK
602  (https://www.ebi.ac.uk/goldman-srv/webprank/) (Loytynoja et al. 2010). We used the whole amino acid
603  sequences of the Pias-1/RGA4 orthologs but only the partial amino acid sequences (CC-NB-LRR-LII
604  domains) of the Pias-2/RGA5 orthologs due to the very low sequence similarity after the LI domains. A
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605  maximum likelihood tree was constructed with IQ-TREE v2.0.3 (Minh et al. 2020) using 1,000 ultrafast
606  bootstrap replicates (Hoang et al., 2018). The models were automatically selected by ModelFinder
607  (Kalyaanamoorthy et al. 2017) in [Q-TREE (Minh et al. 2020). ModelFinder (Kalyaanamoorthy et al. 2017)
608  selected “JTT + G4” for Pias-1/RGA4 orthologs and “JTT + R2” for Pias-2/RGAS5 orthologs. Finally, the
609  phylogenetic trees were drawn with FigTree v1.2.3 (http:/tree.bio.ed.ac.uk/software/figtree/).

610

611  Analysis of DNA polymorphisms, 4V, and dS

612  The coding DNA sequences (CDSs) of the Pias-1/RGA4 and Pias-2/RGAS5 orthologs were aligned using the
613  codon-based aligner MACSE v2.05 (Ranwez et al. 2018). We applied MACSE v2.05 not only to the entire
614  CDS of Pias-1/RGA4 and CC-NBS-LRR-LII of Pias-2/RGAS5 but also to each domain (CC, NBS, and LRR[-
615  LII]) using default parameters. We evaluated DNA polymorphisms of the Pias-1/RGA4 and Pias-2/RGAS5
616  orthologs, calculating the nucleotide diversity () and Tajima’s D (Tajima, 1989) using MEGAX v10.2.4

617  (Kumar et al. 2018). Then, for each alignment, the maximum likelihood trees were constructed using 1Q-
618 TREE v2.0.3 with 1,000 ultrafast bootstrap replicates (Hoang et al., 2018) and ModelFinder
619  (Kalyaanamoorthy et al. 2017). Based on these alignments and trees, we calculated the pairwise dN and dS
620  using the YNOO program (Yang and Nielsen, 2000) in PAML v4.8 (Yang 1997).

621

622  Expression constructs used in the cell death assay

623  Expression constructs for five types of helper-NLRs, Pias-1 (O. sativa subsp. Indica, WRC17), RGA4 (O.
624  sativa subsp. Japonica, Sasanishiki), RGA4-Oru (O. rufipogon accession W1943), RGA4-Oau (O.
625  australiensis accession W0008), and RGA4-Ogr (O. granulata accession W0067B) (pCambial300S-
626  “helper-NLR”:HA), were generated by PCR amplification of the coding sequences from cDNA generated
627  from leaf material and cloned into the binary vector pCambial300S (http://www.cambia.org) that had been
628 linearized by digestion with Ps#I and Spel by In-fusion cloning. Expression constructs for two types of sensor
629  NLRs, Pias-2 (O. sativa subsp. Indica, WRC17) and RGAS5 (O. sativa subsp. Japonica, Sasanishiki)
630  (pCambial300S-FLAG: “sensor NLR”), were generated by PCR amplification of the coding sequences from
631 cDNA generated from leaf material and cloned into the binary vector pCambial300S
632  (http://www.cambia.org) that had been linearized by digestion with Sa/l and PstI by In-fusion cloning. The
633  resulting vectors were introduced into A. tumefaciens (strain GV3101). The primers used to generate the
634  expression constructs are listed in Suppl. Table 10.

635

636  Immunoblot analysis

637  Proteins were expressed in Nicotiana benthamiana leaves and extracted from leaf tissue (approximately 100
638  mg)in 200 pL of extraction buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl, and 0.1 % NP-40 [v/v]). The
639  extracts were subjected to SDS-PAGE, followed by immunoblotting using anti-FLAG-HRP antibody, anti-
640 HA-HRP antibody, or anti-AVR-Pia antibody. Anti-mouse IgG-HRP was used as a secondary antibody

641  following incubation with anti-AVR-Pia antibody. Antibody-antigen complexes were detected using a
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642  luminescent image analyzer (ImageQuant LAS-4000) (Cytiva, Tokyo, Japan). Equal loading of proteins in
643  the PAGE gel was confirmed by Coomassie blue staining.

644

645  Cell death assay in N. benthamiana

646  Transient expression of Pias/Pia allelic NLR and AVR-Pia was performed by infiltrating 4- to 5-week-old
647  N. benthamiana plants with 4. tumefaciens carrying the expression vector. A. tumefaciens suspensions in
648 infiltration buffer (10 mM MES, 10 mM MgCl,, and 150 uM acetosyringone, pH 5.6) were adjusted to the
649  densities shown in Suppl. Table 11. The autofluorescence value under UV light was scored using a
650  luminescent image analyzer (ImageQuant LAS-4000) (Cytiva, Tokyo, Japan).

651

652  Yeast two-hybrid assay

653  To examine the protein—protein interactions between Pias-1:CCjs; and Pias-2:CC77, a yeast two-hybrid
654  assay was performed as described previously (Kanzaki et al. 2012). The CC domain of Pias-1 (Pias-1:CCis»)
655  was amplified by PCR, digested with EcoRI and BamHI, and cloned into pPGADT?7 (prey) or pPGBKT7 (bait)
656  vector (Clontech, Madison, WI, USA) that had been linearized by digestion with EcoRI and BamHI by in-
657  fusion cloning. The CC domain of Pias-2 (Pias-2:CCi77) was amplified by PCR, digested with Sfil, and
658  cloned into pPGADT7 or pGBKT?7 vector that had been linearized by digestion with Sfil. GFP (as negative
659  control) was amplified by PCR and cloned into pGADT7 or pGBKT7 vectors that had been linearized by
660  digestion with EcoRI and BamHI by in-fusion cloning. The various combinations of bait and prey vectors
661  were transformed into yeast strain AH109 using the PEG/LiAc method. To detect protein—protein
662 interactions, a 10-fold dilution series (x1, x10'!, x10%) of yeast cells (x1: ODgoo = 1.0) was spotted onto
663  basal medium lacking Trp, Leu, Ade, and His (-HTLA) but containing 5-bromo-4-chloro-3-indolyl a-D-
664  galactopyranoside (Clontech, Madison, WI, USA). As a control, yeast growth on basal medium lacking Trp
665  and Leu (-TL) was also checked. To assess the protein accumulation in yeast cells, each transformant was
666  propagated in liquid basal medium lacking Trp and Leu with gentle shaking at 30°C overnight. Yeast cells
667  from 10 mL medium were collected, and 100 mg of yeast cells was treated with 400 uL of 0.3 N NaOH for
668 15 min at room temperature. The resulting yeast extracts were used for immunoblot analysis using anti-Myc
669  (MBL, Woburn, MA, United States) for bait proteins and anti-HA (Roche, Switzerland) for prey proteins.
670  The primers used to generate the constructs are listed in Suppl. Table 10.

671

672  Co-immunoprecipitation assay

673  Expression constructs for two types of helper-NLRs, Pias-1 (MHD) and RGA4 (MHD) (pCambial300S-
674  “helper-NLR”:HA), were generated by PCR and cloned into the binary vector pCambial300S
675  (http://www.cambia.org) that had been linearized by digestion with PsfI and Spel by in-fusion cloning. The
676  resulting vectors were introduced into A. fumefaciens (strain GV3101). Pias-1(MHD):HA and FLAG:Pias-
677 2 or FLAG:GFP were transiently co-expressed in N. benthamiana. Similarly, RGA4 (MHD):HA and
678  FLAG:RGAS or FLAG:GFP were transiently co-expressed in N. benthamiana. The co-expressed proteins
679  were extracted with 50 mM sodium phosphate buffer containing 10 % (v/v) glycerol and 150 mM NaCl.
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680  Extracted proteins were incubated with FLAG-agarose beads in the presence of protease inhibitor, 10 mM
681  DTT, and 2% (w/v) blocking reagent (Cytiva, Tokyo, Japan) at 4°C for 1 h. The beads were washed with
682  the same buffer four times, and then bound proteins were extracted with the same buffer containing 1% (w/v)
683  SDS by boiling. Bound fractions were analyzed by immunoblotting using anti-FLAG and anti-HA antibodies.
684  The primers used to generate constructs are listed in Suppl. Table 10.

685

686  Data Availability

687  The nucleotide sequences of Pias-1, Pias-2, and AVR-Pias were deposited in the DNA Databank of Japan
688  (Pias-1: LC672059, Pias-2: LC672060, and AVR-Pias: LC672061). The DNA-seq and RNA-seq data from
689  this study are listed in Suppl. Dataset 2 and were deposited in the DNA Databank of Japan (DDBJ) under
690 the Bioproject accession numbers PRJDB9440, PRJDBI12353, PRJDB12884, PRJDBI12891, and
691 PRJIDB12902. All data pertaining to this study are included in the article and/or supporting information.
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1051  Figure legends

1052

1053  Figure 1. The Pias gene of rice line WRC17 (cultivar Keiboba) encodes a CC-NLR protein and is
1054  allelic to Pia.

1055  (A) Segregation of the resistance and susceptibility traits among the 58 RILs derived from a cross between
1056  WRCI17 (cultivar Keiboba) and Hitomebore. Disease symptoms of WRC17, Hitomebore, and six RILs
1057  showing a susceptible phenotype after punch inoculation of Magnaporthe oryzae isolate 2012-1 (leaf
1058  photographs) and the frequency distribution of disease lesion area of the 58 RILs (bar graphs). (B) Linkage
1059  maps of candidate NLR genes at the PiW17-1 and PiW17-2 loci. (C) Both CNL-04 and CNL-05 are required
1060  for PiWl17-1-mediated resistance against M. oryzae 2012-1. HW-RIL7 contains only PiWI7-1 and is
1061  resistant to M. oryzae 2012-1. Knockout of CNL-04 (cni-04) and CNL-05 (cni-05) in HW-RIL7 rendered
1062  plants susceptible to 2012-1. (D) Gene structures of Pia consisting of RGA4 and RGAS and Pias consisting
1063 of Pias-1 and Pias-2. The positions of protein domains (CC, NB-ARC, LRR, HMA, and DUF761) encoded
1064 by the NLRs are indicated. (E) The M. oryzae 2012-1 AVR-Pias knockout mutant became virulent to HW-
1065  RIL7. (F) Amino acid sequence of G9532 protein (AVR-Pias). The secretion signal is indicated by red letters
1066  and the Toxinl8-like motif by blue letters. The Toxinl8-like motif was annotated by Pfam
1067  (https://pfam.xfam.org/).

1068

1069  Figure 2. Recurrent integration of extraneous domains in Pias/Pia sensor NLRs.

1070  (A) A simplified scheme of the structures of the Pias/Pia NLR pairs. Pias-1/RGA4 helper NLRs are shown
1071  in green, and Pias-2/RGAS5 sensor NLRs are shown in white. The conserved LRR-ID intervening motif (LIT)
1072  isindicated by black ellipses. Integrated domains are shown by different-colored hexagons. (B) A sequence
1073  logo showing conserved amino acids of the LRR-ID Intervening (LIT) motif. The red lines indicate the LRR
1074  in LII motif. (C) Distribution of ID motifs among Oryza species. The pie charts show the frequencies of
1075  different ID motifs in a given species. The colors correspond to the ID colors in (A). The numbers below the
1076  pie charts indicate the sample numbers. A cladogram showing the phylogenetic relationships of 11 Oryza
1077  species and four other Poaceae species (Setaria italica, Panicum hallii, Hordeum vulgare, and Aegilops
1078  tauschii) based on Time Tree, the time scale of life web database (http://www.timetree.org/). The numbers
1079  on the branches indicate the estimated time of the splitting of lineages (MY A: million years ago). (D) DNA
1080  sequence similarity between O. punctata Pias-2/RGAS5 sensor NLR and the downstream sequence of O.
1081  sativa (Nipponbare) Pias-2/RGA5. LII: LRR-ID intervening motif. (E) Dot-plot analysis of the O. punctata
1082  (W1582) Pias-2/RGAS5 sensor NLR and O. sativa (Nipponbare) Pias-2/RGA5 NLR downstream sequences
1083  using the Dotmatcher tool (http://emboss.bioinformatics.nl/cgi-bin/emboss/dotmatcher/). (F) Possible
1084  evolutionary process of ID replacement that might have occurred between the O. punctata and the O. sativa
1085  Pias-2/RGAS5 lineages. We still do not know the mode of interaction between the AVR-Pias effector and
1086  DUF761-containing protein, so it is indicated by “?”.

1087

1088  Figure 3. Contrasting evolutionary patterns of the helper and sensor NLRs of the Pias/Pia locus.
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1089  (A) Phylogenetic tree of the Pias-1/RGA4 helper NLR gene (left) and Pias-2/RGAS5 sensor NLR (right) gene
1090  based on the full-length amino acid sequence of Pias-1/RGA4 and the sequence in the region CC to LII for
1091  Pias-2/RGAS5. Pias-2/RGA5 sensor NLRs form two major clades (C1 and C2). The numbers indicate
1092  bootstrap values. (B) Nucleotide diversity (z) of the CC, NBS and LRR(-LII) domains of Pias-1/RGA4
1093  helper NLR gene and Pias-2/RGAS sensor NLR gene in 22 Oryza samples. (C) Tajima’s D of the CC, NBS
1094  and LRR(-LII) domains of Pias-1/RGA4 helper NLR gene and Pias-2/RGAS5 sensor NLR gene in 22 Oryza
1095  samples. (D) Pairwise dy and ds values of CC-NBS-LRR(-LII), CC, NBS and LRR domains of the Pias-
1096  1/RGA4 helper and Pias-2/RGAS5 sensor NLR gene in 22 Oryza samples.

1097

1098  Figure 4. The NLR helper Pias-1 is functionally conserved.

1099 (A) Representative images of N. benthamiana leaves after agroinfiltration with Pias-1:HA, Pias-
1100 1:HA/FLAG:RGAS, FLAG:RGA5/AVR-Pia, and Pias-1:HA/FLAG:RGA5/AVR-Pia (left) and RGA4-
1101  Ogr:HA derived from O. granulata, RGA4-Ogr:HA/FLAG:RGAS5, FLAG:RGAS5/AVR-Pia, and RGA4-
1102  Ogr:HA/FLAG:RGAS5/AVR-Pia (right). Autofluorescence under UV light is shown. (B) Pias-1 cooperates
1103  with RGAS to recognize AVR-Pia and induces resistance in rice. The rice line HW-RIL7 with Pias (Pias-1
1104  and Pias-2) recognizes the A0-92-06-2 strain with AVR-Pias (A092-06-2+pex22p:AVR-Pias) and induces
1105  resistance. However, HW-RIL7 cannot recognize the A002-06-2 strain with AVR-Pia (A092-06-
1106  2+tpex22p:AVR-Pia). Two lines (Line #1 and #2) contain the 35S-RGAS5 transgene in the HW-RIL7
1107  background. F1-A is a progeny derived from a cross between Sasanishiki with Pia (RGA4 and RGA5) and
1108 HW-RIL7. F1-B is a progeny derived from a cross between a Sasanishiki mutant (Sas1493) with pia (rga4
1109  and RGA5) and HW-RIL7.

1110

1111  Legends to Supplementary Figures

1112

1113  Suppl. Fig. 1. The RaIDeN method used to identify candidate genes responsible for the resistance of
1114  rice line WRC17 to M. oryzae 2012-1.

1115  (A) Segregation of the resistance and susceptibility traits among the 58 RILs derived from a cross between
1116  WRCI17 (cultivar Keiboba) and Hitomebore. (B) The whole-genome sequence of the resistant parent WRC17
1117  was obtained by Illumina sequencing. RNA-seq of WRC17 leaves inoculated with M. oryzae was also
1118  performed. Next, short reads of whole-genome sequences of the susceptible parent Hitomebore and the six
1119  susceptible RILs were obtained by Illumina sequencing. (C) De novo assembly of R-parental line WRC17
1120  was performed using DISCOVAR software. (D) Expressed genes of WRC17 were identified by mapping
1121  RNA-seq reads to the WRC17 reference genome. (E) Mapping of short reads of the susceptible parent
1122  (Hitomebore) and susceptible RILs to the predicted genes identified DNA polymorphisms shared by the
1123  susceptible lines using the RalDeN pipeline (the script of the RalDeN pipeline and details about the pipeline
1124  are available at https://github.com/YuSugihara/RalDeN).

1125
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1126  Suppl. Fig. 2. Mapping of NLRs in the PiW17-1 and PiW17-2 loci that confer resistance against M.
1127  oryzae 2012-1 to WRC17. (A) Association between resistance/susceptible phenotypes and genotypes
1128  among the RILs (the primers used for genotyping are shown in Suppl. Table 9). CNL-04 and CNL-05, CNL-
1129 06 and CNL-07, and CNL-08, NL-2, and CNL-09 are located on the same contigs. (B) Fine maps of candidate
1130  NLR genes in PiW17-1 and PiW17-2. Blue and yellow indicate WRC17- and Hitomebore-type genotypes,
1131  respectively. The 10 NLRs shown in the red rectangle were considered to be the candidates of Pi-W17-1.
1132

1133  Suppl. Fig. 2 (continued). Results of RNAi-mediated silencing of candidate NLR genes.

1134  (C) RNAi-mediated silencing of eight candidate genes encoding proteins over 900 amino acids long was
1135  performed. Gene silencing of CNL-04 and CNL-05 made plants susceptible to M. oryzae 2012-1. (D) Gene
1136  expression levels of CNL-04 and CNL-05 in plants transformed with the RNAi constructs. Control (Con) is
1137  WRCI17 transformed with empty vector.

1138

1139  Suppl. Fig. 3. CRISPR/Cas9-mediated knockout of CNL-04 abolishes PiW17-1-mediated resistance
1140  against M. oryzae isolate 2012-1.

1141  (A) The position of guide DNA targeted to CNL-04. The PAM is marked with blue letters, and the sgRNA
1142  sequence is marked with red letters. (B) Sequences of the sgRNA positions in the CNL-04 knockout lines.
1143  (C) Resistance/susceptible phenotypes of the selfed progeny of the cnl-04_1.14.2 line heterozygous for wild-
1144  type (a) and mutated (b: 4-bp deletion) alleles. The b/h homozygous plants became susceptible.

1145

1146  Suppl. Fig. 3 (continued). CRISPR/Cas9-mediated knockout of CNL-05 abolishes PiW17-1 mediated
1147  resistance against M. oryzae isolate 2012-1.

1148 (D) The positions of guide DNAs targeted to CNL-05. The PAM is marked with blue letters, and the sgRNA
1149  sequence is marked with red letters. (E) Sequences of the sgRNA positions in the CNL-05 knockout lines.
1150  (F) Resistance/susceptible phenotypes of the selfed progeny of cnl-05 3.7.2 line heterozygous for wild-type
1151 (@) and mutated (b: 1-bp insertion) alleles. The b/b homozygous plants became susceptible.

1152

1153  Suppl. Fig. 4. Comparison of the gene structures of Pia (RGA4 and RGAS5) and Pias (Pias-1 and Pias-
1154 2.

1155  DNA sequence similarities obtained by ClustalW are shown.

1156

1157  Suppl. Fig. 5. Gene structures and predicted amino acid sequences of Pias-1 and Pias-2.

1158  (A) Gene structures of Pias-1 and Pias-2. (B) RNA-seq read alignment across the genome sequence of the
1159  Pias region as visualized by IGV (Robinson et al. 2011).

1160

1161  Suppl. Fig. 5 (continued).

1162  (C) Amino acid sequences and putative domains of Pias-1 and Pias-2. The RX-CC and NB-ARC domains
1163  of Pias-1 and Pias-2 were annotated by a CD-search in NCBI
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1164  (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and the LRR was predicted using LRR predictor
1165  (Martin et al 2020).

1166

1167  Suppl. Fig. 6. Isolation of AVR-Pias from M. oryzae isolate 2012-1.

1168 A simplified scheme showing the procedure used to isolate A VR-Pias. First, the genome of isolate 2012-1
1169  was sequenced on the Illumina platform, and the short reads were used for de novo assembly with
1170  DISCOVAR, resulting in the 2012-1 genome reference (Suppl. Table 4, 5). Next, the isolate 2012-1 was
1171  used to inoculate barley (Hordeum vulgare) cultivar ‘Nigrate’, which is highly susceptible to M. oryzae
1172  (Hyonetal. 2012), and the infected leaves were subjected to RNA-seq (Shimizu et al. 2019), resulting in the
1173  identification of 10,991 genes in 2012-1 that were expressed during host infection. Next, eight M. oryzae
1174  isolates (r1-18) were selected and used for inoculation of rice line HW-RIL7 with Pias but without Pi-W17-
1175 2. The eight isolates were compatible with HW-RIL7 (result shown in the bottom), suggesting that they lack
1176  AVR-Pias. The eight isolates were then subjected to genome resequencing on the Illumina platform, and the
1177  RaIDeN method was used to identify only presence/absence polymorphisms (Suppl. Table 4). The short
1178  reads of eight isolates were aligned to the expressed genes of the 2012-1 isolate, resulting in the identification
1179  of 87 expressed genes that were specific to isolate 2012-1. These transcripts were further filtered based on
1180  four criteria: (1) genes showing a higher level of expression 24 h after inoculation (FPKM > 200) and genes
1181  encoding (2) a putative secreted protein, (3) a non-transmembrane protein, and (4) a small protein (<150
1182  amino acids). This analysis identified three transcripts (G9141, G9435, and G9532) as the candidates of
1183  AVR-Pias.

1184

1185  Suppl. Fig. 7. The expressed gene G9532 of M. oryzae isolate 2012-1 is AVR-Pias.

1186  (A) Results of inoculation of rice line HW-RIL7 with Pias or Hitomebore without Pias with M. oryzae
1187  isolate A092-06-2 wild type (WT) or A092-06-2 with the G9141, G9435, or G9532 transgene, all driven by
1188  the pex22 promoter. When A092-06-2 contained G9532, the interaction became incompatible, indicating
1189  that G9532 is AVR-Pias. (B) Introduction of pex22p:G9532 into M. oryzae isolate A092-06-2 confers
1190  avirulence to the pathogen against HW-RIL7 with Pias-/ and Pias-2. Knockout of the host gene Pias-1 or
1191  Pias-2 compromises the avirulence caused by G9532.

1192

1193  Suppl. Fig. 8. Deletion of AVR-Pias from M. oryzae isolate 2012-1 causes a loss of avirulence against
1194  rice line HW-RIL7 with Pias.

1195  (A) Schematic overview of the target gene replacement (TGR) strategy at the 4VR-Pias locus using RNA-
1196  guided nuclease. The PAM is marked with blue letters, and the sgRNA sequence is marked with red letters.
1197  The primers used for PCR analysis are indicated by horizontal arrows. (B) Inoculation assay of rice line
1198  HW-RIL7 with Pias wild type (WT) and TGR transformants. (C) PCR analysis of TGR events at the AVR-
1199  Pias locus. Upper and lower images show PCR results using AVR-Pias- and Hygromycin (Hyg)-specific
1200  primers, respectively. pCB1636: Replacement vector containing the hygromycin resistance gene and

1201  genomic regions neighboring A VR-Pias. The isolates corresponding to lanes 2—5 show compatibility with
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1202  rice line HW-RIL7 with Pias, whereas the wild-type isolate (2012-1) in lane 6 is incompatible with HW-
1203  RIL7.

1204

1205  Suppl. Fig. 9. Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.

1206  (A) Overview of gene prediction methods used in this study. (B) Gene models of Pias-1/RGA4 and Pias-2/
1207  RGAS5 of 12 Oryza samples supported by RNA-seq data were used as queries to annotate IDs in the genome
1208  assemblies of 167 Oryza samples using Exonerate (http://www.ebi.ac.uk/~guy/exonerate). However, 10
1209  samples of O. glumaepatula and six samples of O. brachyantha did not match known domains. Therefore,
1210  we incorporated RNA-seq data of each sample from the two species, resulting in the annotation of the
1211 Zinc ribbon_ 12 (O. glumaepatula) and HMA (O. brachyantha) IDs. In the second round, we used the 12
1212  samples used in the first round of Exonerate as well as two new samples (O. glumaepatula W2184 and O.
1213  brachyantha W0655) as queries to infer IDs in the assembled genomes of the 167 Oryza samples.

1214

1215  Suppl. Fig. 9 (continued). Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.
1216  (C) RNA-seq read alignment across the genome sequence of the Pias/Pia homologous region in the AA
1217  genome Oryza species as visualized by IGV (Robinson et al. 2011).

1218

1219  Suppl. Fig. 9 (continued). Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.
1220 (D) RNA-seq read alignment across the genome sequence of the Pias/Pia homologous region in the non-
1221  AA genome Oryza species as visualized by IGV (Robinson et al. 2011).

1222

1223  Suppl. Fig. 10. Positions of the LII motif (this study) and the CID motif (Bailey et al. 2018).

1224  Amino acid sequence alignment of RGAS5, Pias-2, and LOC_0s12g18360 and the positions of the LII motif
1225  (this study) and the CID motif as described by Bailey et al. (2018). The aqua and orange boxes indicate the
1226 LI and CID motif regions, respectively. The red lines indicate LRR in the LII motif.

1227

1228  Suppl. Fig. 11. The O. punctata W1582 LII-ID sequence is conserved in the downstream sequence of
1229  Pias in O. sativa cv. Nipponbare.

1230  Alignment of the DNA sequences of the O. punctata W1582 LII-ID and the W1582 LII-ID-like sequence in
1231  O. sativa Nipponbare. The blue boxes and green lines indicate the exon sequence of O. punctata W1582
1232 Pias-2 homolog and the LII region, respectively.

1233

1234  Suppl. Fig. 12. The LII + ID sequence of the O. punctata (W1582) Pias-2 homolog is conserved in the
1235  downstream sequence of O. meridionalis (W2112) Pias-2.

1236  Dot-plot analysis of O. punctata (W1582) Pias-2 homolog and the genome sequence of O. meridionalis
1237  (W2112). The purple line corresponds to block (a) in Figure 2. The block (b) sequence in Figure 2 is deleted
1238  in O. meridionalis (W2112).

1239
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1240  Supple. Fig. 13 (A) Comparison of w, dy, and ds between Pias-1/RGA4 and Pias-2/RGAS5. The ‘a’
1241  indicates that Pias-2/RGAS is significantly larger than Pias-1/RGA4 by two-sided Welch’s t-test (p < 0.0001).
1242  The ‘b’ indicates that Pias-2/RGAS is significantly smaller than Pias-1/RGA4 by two-sided Welch’s t-test
1243  (p<0.0001). (B) Comparison between dy, and ds in Pias-1/RGA4 and Pias-2/RGAS5.

1244

1245  Suppl. Fig. 14 HR-like cell death after overexpression of helper NLRs of the RGA4/Pias-1 lineage in
1246  N. benthamiana.

1247  (A) Boxplots of autofluorescence values after transient expression of RGA4/Pias-1 homologs. GUS vector
1248  was included as a control. The number of spots inoculated with 4. fumefaciens are indicated at the top of the
1249  boxplot. Box bounds represent the 25th and 75th percentile, center line represents the median, and whiskers
1250  indicate the range of the maximum or minimum data within a 1.5 x interquartile range (IQR). (B)
1251  Representative image of Pias-1/RGA4-meditated HR in N. benthamiana. (C) Immunoblot analysis of Pias-
1252 1:HA, RGA4:HA, RGA4-Oau:HA (cloned from O. australiensis accession W0008), RGA4-Oru:HA (cloned
1253  from O. rufipogon accession W1943), and RGA4-Ogr:HA (cloned from O. granulata accession W0067B)
1254  proteins detected by anti-HA (a-HA) antibody. Coomassie blue staining of Rubisco small subunit shows
1255  equal protein loading. The protein bands expressed from the constructs are marked by red asterisks. The
1256  positions of molecular size marker are indicated on the left (kDa)

1257

1258  Suppl. Fig. 15 HR-like cell death after overexpression of Pias-1:HA helper and Pias-1/RGAS sensors
1259  in N. benthamiana.

1260 (A) Boxplots of autofluorescence values after transient expression of Pias-1:HA, FLAG:Pias-2, and
1261  FLAG:RGAS separately or in combination in N. benthamiana. The number of spots inoculated with A.
1262  tumefaciens are indicated at the top of the boxplot. Box bounds represent the 25th and 75th percentile, center
1263  line represents the median, and whiskers indicate the range of the maximum or minimum data within a 1.5 x
1264  interquartile range (IQR). (B) Representative image of HR after transient expression of Pias-1:HA,
1265  FLAG:Pias-2, and FLAG:RGAS5 separately or in combination in N. benthamiana. (C) Immunoblot analysis
1266  of Pias-1:HA protein detected by anti-HA (a-HA) antibody and FLAG:Pias-2 and FLAG:RGAS5 proteins
1267  detected by anti-FLAG antibody. Coomassie blue staining of Rubisco small subunit shows equal protein
1268  loading. The protein bands expressed from the constructs are marked by red asterisks. The positions of
1269  molecular size marker are indicated on the left (kDa).

1270

1271  Suppl. Fig. 15 (continued). HR-like cell death after overexpression of Pias-1 helper, Pias-2 sensor, and
1272  AVR-Pias in N. benthamiana.

1273 (D) The rice line HW-RIL7 with Pias recognizes the M. oryzae Ao-92-06-2 isolate with AVR-Pias:FLAG
1274  (A092-06-2+pex22p:AVR-Pias:FLAG) and shows resistance to this isolate. (E) Boxplots of autofluorescence
1275  values after transient expression of Pias-1:HA, FLAG:Pias-2, and AVR-Pias:FLAG separately or in
1276  combination in N. benthamiana. The number of spots inoculated with 4. tumefaciens are indicated above

1277  the boxplot. Box bounds represent the 25th and 75th percentile, center line represents the median, and
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1278  whiskers indicate the range of the maximum or minimum data within a 1.5 x interquartile range (IQR). (F)
1279  Representative image of HR after transient expression of Pias-1:HA, FLAG:Pias-2, and FLAG:RGAS5
1280  separately or in combination in N. benthamiana. (G) Immunoblot analysis of Pias-1:HA protein detected by
1281  anti-HA (a-HA) antibody and FLAG:Pias-2 and AVR-Pias:FLAG proteins detected by anti-FLAG antibody.
1282  Coomassie blue staining of Rubisco small subunit shows equal protein loading. The protein bands expressed
1283  from the constructs are marked by red asterisks. The positions of the molecular size marker are indicated on
1284  the left (kDa).

1285

1286  Suppl. Fig. 16. Co-immunoprecipitation shows that Pias-1 interacts with Pias-2.

1287  (A) Co-immunoprecipitation (Co-IP) of Pias-1 (MHD mutant):HA with FLAG:Pias-2 or FLAG:GFP
1288  (negative control), as well as Co-IP of RGA4 (MHD mutant):HA with FLAG:RGA5 or FLAG:GFP
1289  (negative control) were performed. Pias-1 (MHD mutant):HA and FLAG:Pias-2 or FLAG:GFP were
1290 transiently co-expressed in N. benthamiana. Similarly, RGA4 (MHD mutant):HA and FLAG:RGAS or
1291  FLAG:GFP were transiently co-expressed in N. benthamiana. Instead of the wild-type Pias-1 and RGA4,
1292  their MHD mutants (TYG to MHD in ARC2 subdomain as described in Cesari et al. 2014) were used to
1293  avoid HR-like cell death that reduces protein accumulation. We judge the weak bands detected by anti-HA
1294  antibody after Co-IP in Pias-1(MHD):HA+FLAG:GFP (lane 2) and RGA4(MHD):HA+FLAG:GFP (lane 4)
1295  are non-specific. Bound fractions were analyzed by immunoblotting using anti-FLAG and anti-HA
1296  antibodies. Coomassie blue staining of the Rubisco small subunit shows equal protein loading. The protein
1297  bands expressed from the constructs are marked by red asterisks. The positions of the molecular size marker
1298  are indicated on the left (kDa). We obtained similar results in three independent experiments.

1299

1300  Suppl. Fig. 16 (continued). Yeast two-hybrid assays indicate that the Pias-1 CC domain and Pias-2 CC
1301  domain homo- and heterodimerize.

1302  (B) The Pias-1 and Pias-2 CC domains form homo- and heterocomplexes. A dilution series of yeast cells
1303  expressing a GAL4-AD and GAL4-BD fusion of Pias-1 1-182 (Pias-1:CCj.1s2) and/or Pias-2 1-177 (Pias-
1304  2:CCi.177) on selective media lacking Trp, Leu, Ade, and His (-HTLA) and non-selective media lacking Trp
1305  and Leu (-TL) with 5-bromo-4-chloro-3-indolyl a-D-galactopyranoside (X-a-gal). GFP was used as the
1306  negative control. Photographs were taken 5 days after growth. (C). Immunoblot analysis confirms the protein
1307  production in the Y2H assay shown in (B). The bait protein was tagged with the Myc epitope and the prey
1308  protein with the HA epitope. The protein bands expressed from each vector are marked by red asterisks. The
1309  positions of the molecular size marker are indicated on the right (kDa). We obtained similar results in three
1310  independent experiments. We attempted Y2H assay using the full-length Pias-1 and Pias-2 constructs.
1311  However, we could not detect interactions between the full-length Pias-1 and Pias-2.

1312

1313  Suppl. Fig. 17. HR-like cell death caused by Pias1 and RGA4-Ogr expression is suppressed by RGA5

1314  expression, and additional AVR-Pia expression induces cell death.
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1315  (A) Boxplots of autofluorescence values after transient expression of Pias-1:HA, FLAG:RGAS5, and AVR-
1316  Pia separately or in combination in N. benthamiana leaves. The number of spots inoculated with A.
1317  tumefaciens are indicated at the top of the boxplot. Box bounds represent the 25th and 75th percentile, center
1318  line represents the median, and whiskers indicate the range of the maximum or minimum data within a 1.5 x
1319  interquartile range (IQR). (B) Immunoblot analysis of Pias-1:HA protein detected by anti-HA (a-HA)
1320  antibody, FLAG:RGAS5 protein detected by anti-FLAG antibody, and AVR-Pia detected by anti-AVR-Pia
1321  antibody. Coomassie blue staining of Rubisco small subunit shows equal protein loading. The protein bands
1322  expressed from the constructs are marked by red asterisks. The positions of molecular size markers are
1323 indicated on the left (kDa). (C) Boxplots of autofluorescence values after transient expression of RGA4-
1324  Ogr:HA, FLAG:RGAS, and AVR-Pia separately or in combination in N. benthamiana leaves. The number
1325  of spots inoculated with A. tumefaciens are indicated at the top of the boxplot. Box bounds represent the
1326  25th and 75th percentile, center line represents the median, and whiskers indicate the range of the maximum
1327  or minimum data within a 1.5 x interquartile range (IQR). (D) Immunoblot analysis of RGA4-Ogr:HA
1328  protein detected by anti-HA (a-HA) antibody, FLAG:RGAS protein detected by anti-FLAG (a-FLAG)
1329  antibody, and AVR-Pia detected by anti-AVR-Pia (a-AVR-Pia) antibody. Coomassie blue staining of
1330  Rubisco small subunit shows equal protein loading. The protein bands expressed from the constructs are
1331  marked by red asterisks. The positions of molecular size markers are indicated on the left (kDa).

1332

1333  Suppl. Fig. 18. Results of inoculation of HW-RIL?7, Sasanishiki, and Sas1493 rice plants with M. oryzae
1334  isolates A092-06-2, A092-06-2 +pex22p:AVR-Pia, and A092-06-2 +pex22p:AVR-Pias.

1335

1336  Suppl. Fig. 19. The DUF761-containing gene family in rice.

1337 A BLASTP search was performed using the amino acid sequence of the DUF761 domain of Pias-2 as a
1338  query. Fifteen DUF761 domain-containing genes were retrieved using a cutoff e-value < 10. The middle
1339  panel shows the amino acid sequence alignment, and the right panel shows the domain structure of each
1340  protein.

1341
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Figure 1. The Pias gene of rice line WRC17 (cultivar Keiboba) encodes a CC-NLR protein and is allelic
to Pia.

(A) Segregation of the resistance and susceptibility traits among the 58 RILs derived from a cross between
WRC17 (cultivar Keiboba) and Hitomebore. Disease symptoms of WRC17, Hitomebore and six RILs showing a
susceptible phenotype after punch inoculation of Magnaporthe oryzae isolate 2012-1 (leaf photographs) and the
frequency distribution of disease lesion area of the 58 RILs (bar graphs). (B) Linkage maps of candidate NLR
genes at the PiW17-1 and PiW17-2 loci. (C) Both CNL-04 and CNL-05 are required for PiW17-1-mediated
resistance against M. oryzae 2012-1. HW-RIL7 contains only PiW17-1 and is resistant to M. oryzae 2012-1.
Knockout of CNL-04 (cnl-04) and CNL-05 (cnl-05) in HW-RIL7 rendered plants susceptible to 2012-1. (D) Gene
structures of Pia consisting of RGA4 and RGA5 and Pias consisting of Pias-1 and Pias-2. The positions of
protein domains (CC, NB-ARC, LRR, HMA, and DUF761) encoded by the NLRs are indicated. (E) The M.
oryzae 2012-1 AVR-Pias knockout mutant became virulent to HW-RIL7. (F) Amino acid sequence of G9532
protein (AVR-Pias). The secretion signal is indicated by red letters and the Toxin18-like motif by blue letters. The
Toxin18-like motif was annotated by Pfam (https://pfam.xfam.org/).
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(A) STEP1: Phenotyping of RILs (D) STEP4: Gene prediction of WRC17, the resistant
parent, using RNA-seq data.
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(B) STEP2: Whole genome sequencing of
parental lines and susceptible RILs (S-RILs).
S-RILs
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Suppl. Fig. 1. The RalDeN method used to identify candidate genes responsible for the resistance of rice
line WRC17 to M. oryzae 2012-1.

(A) Segregation of the resistance and susceptibility traits among the 58 RILs derived from a cross between
WRC17 (cultivar Keiboba) and Hitomebore. (B) The whole-genome sequence of the resistant parent WRC17
was obtained by lllumina sequencing. RNA-seq of WRC17 leaves inoculated with M. oryzae was also performed.
Next, short reads of whole-genome sequences of the susceptible parent Hitomebore and the six susceptible
RILs were obtained by lllumina sequencing. (C) De novo assembly of R-parental line WRC17 was performed
using DISCOVAR software. (D) Expressed genes of WRC17 were identified by mapping RNA-seq reads to the
WRC17 reference genome. (E) Mapping of short reads of the susceptible parent (Hitomebore) and susceptible
RILs to the predicted genes identified DNA polymorphisms shared by the susceptible lines using the RalDeN
pipeline (the script of the RalDeN pipeline and details about the pipeline are available at
https://github.com/YuSugihara/RalDeN).
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Suppl. Table 1. Summary of lllumina sequencing results used for RalDeN methods

Total no. of
Sequencing  Trim adapters  paired-end (PE) Max length of

Line platform  and quality filter reads after short reads Purpose
filtering
Whole genome
sequencing
R-parental line
WRC17 Miseq No 36,047,742 250 for de novo assemble
S-parental line
Hitomebore Hiseq4000 Yes 32,016,561 126 for RalDeN
S-RILs for RalDeN
#22 Hiseq4000 Yes 30,830,739 126 for RalDeN
#25 Hiseq4000 Yes 39,330,775 126 for RalDeN
#34 Hiseq4000 Yes 36,109,189 126 for RalDeN
#37 Hiseq4000 Yes 34,054,341 126 for RalDeN
#39 Hiseq4000 Yes 42,282,097 126 for RalDeN
#53 Hiseq4000 Yes 34,013,397 126 for RalDeN
RNAseq
M. oryzae infected (0500 Yes 39,744,107 75 for RalDeN

leaf of WRC17
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Suppl. Table 2. Summary metrics of genome assembly of the resistance rice line WRC17.
Genome assembly was performed by DISCOVAR software.

No. of contigs (>1,000bp) 25,278
Contig N50 (kb) 55.1
Largest contig (kb) 459.5

Total size of the

assembled genome (Mb) 356.2
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Suppl. Table 3. Summary of 38 candidate resistance gene analogs (RGAs) expressed in WRC17 leaves
and possibly responsible for WRC17 resistance against 2012-1 as predicted by RGAugury (Li et al. 2016).
These were selected from the 853 candidate genes as identified by the RalDeN method. From the 38 RGAs, we
selected 18 genes belonging to the categories of CNL (Coiled-Coil, NBS and Leucine rich repeat protein genes:
11 genes) and NL (NBS and Leucine rich repeat protein genes: 7 genes) as the candidate NLRs conferring
resistance to WRC17 against M. oryzae 2012-1.

NBS encoding TX Other RLP RLK TM-CC
NBS ' CNL TNL CN N NL
3 11 0 1 0 7 0 0 1 12 3
CC, C: coiled-coil TX: TIR-unknown domain
T: Toll/Interleukin-1 receptor RLK: receptor like kinase
NBS, N: nucleotide-binding site RLP: receptor like protein

L: leucine rich repeat TM: transmembrane
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Suppl. Fig. 2. Mapping of NLAs in the PiW717-1and PiW17-2loci that confer resistance against M. oryzae
2012-1 to WRC17. (A) Association between resistance/susceptible phenotypes and genotypes among the RILs
(the primers used for genotyping are shown in Suppl. Table 9). CNL-04 and CNL-05, CNL-06 and CNL-07, and
CNL-08, NL-2 and CNL-09 are located on the same contigs. (B) Fine maps of candidate NLR genes in PiW17-1
and PiW17-2. Blue and yellow indicate WRC17- and Hitomebore-type genotypes, respectively. The 10 NLRs
shown in the red rectangle were considered to be the candidates of Pi-W17-1.


https://doi.org/10.1101/2021.09.01.458560
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.01.458560; this version posted February 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

#4  #6  #8 S § 8 N -

. , < o o S <

CNL-04.RNAi CNL-05.RNAi % % (2) =~
(Pias-1) (Pias-2)

oni-00

D 1.2

0.8 -
0.6 1
0.4 1
0.2 1

Relative expression

Con #4 #6 #8 Con #1 #3 #5
CNL-04-RNAi CNL-05-RNAi

Suppl. Fig. 2 (continued). Results of RNAi-mediated silencing of candidate NLR genes.

(C) RNAi-mediated silencing of eight candidate genes encoding proteins over 900 amino acids long was
performed. Gene silencing of CNL-04 and CNL-05 made plants susceptible to M. oryzae 2012-1. (D) Gene
expression levels of CNL-04 and CNL-05 in plants transformed with the RNAi constructs. Control (Con) is
WRC17 transformed with empty vector.
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ATG pcc
273b
enL-04 T > | ENB-ARC
= Em ———] FILRR
sgRNA4.1 GCCGCCGTACAGACGCTATGCATGGAGGACCTC
Sequence (sgRNA4.1) Modification
WT GCCGCCGTACAGACGCTATGCA-TGGAGGACCTC n/a
cnl-04_1.18.3 GCCGCCGTACAGACGCTATGC--TGGAGGACCTC 1bp deletion, premature stop 127aa
onl-04 1.14.2 GCCGCCGTACAGACGCTATGCA-TGGAGGACCTC n/a
T GCCGCCGTACAGACGCTA----- TGGAGGACCTC 4bp deletion, premature stop 126aa
cnl-04_1.21.2 GCCGCCGTACAGACGCTATGCACTGGAGGACCTC 1bp insertion, premature stop 162aa
#3 #4 #5 #7 #8 #9 #10 #11 #12
Phenotype S S

Genotype ab ab bb ab ab ab aa bb aa ab ab bb

a: Wild type allele
b: Mutated type (-4bp) allele

Suppl. Fig. 3. CRISPR/Cas9-mediated knockout of CNL-04 abolishes PiW177-7-mediated resistance
against M. oryzaeisolate 2012-1.

(A) The position of guide DNA targeted to CNL-04. The PAM is marked with blue letters, and the sgRNA
sequence is marked with red letters. (B) Sequences of the sgRNA positions in the CNL-04 knockout lines. (C)
Resistance/susceptible phenotypes of the selfed progeny of the cnl-04_1.14.2 line heterozygous for wild-type (a)
and mutated (b: 4-bp deletion) alleles. The b/b homozygous plants became susceptible.
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127bp
216b
CNL-05 ATGYL&I/\m
q . = E— T Il n
CCAAGCCACAGGGCAAGATACTGGATGGATGAG
1 sgRNA5.3 [cc
CCAAGCCACAGGGCAAGATACTGGATGGATGAG
I sgRNA5.2 Il NB-ARC
CTGAGCCACTGAAGGACGGAATCGAGCTCCTCA
sgRNAS5.1 I LRR
I DUF761
Sequence (sgRNA5.1) Modification
WT CTGAGCCACTGAAGGACGGAATCGAGCTCCTCA n/a
cnl-05_1.6.2 CTGAGCCACTG-AGGACGGAATCGAGCTCCTCA 1bp deletion, premature stop 45aa
Sequence (sgRNA5.2) Modification
WT CCAAGCCACAGGGCAAGATACTGGATGGATGAG n/a
cnl-05_2.4.2 CCAAGCCACA-GGCAAGATACTGGATGGATGAG 1bp deletion, premature stop 109aa
Sequence (sgRNA5.3) Modification
WT GCTCGCCAGGA-TCGCGGAGCTCAGGGCTCTGGT n/a
T GCTCGCCAGGA-TCGCGGAGCTCAGGGCTCTGGT n/a
- GCTCGCCAGGACTCGCGGAGCTCAGGGCTCTGGT 1bp insertion, premature stop 148aa
#1 #2 #3 #4  #5 #8
Phenrotype S R R R S S S R

Genotype bbb ab ab ab bb bb bb aka

a: Wild type allele
b: Mutated type (+1bp) allele

Suppl. Fig. 3 (continued). CRISPR/Cas9-mediated knockout of CNL-05 abolishes PiW17-1 mediated
resistance against M. oryzae isolate 2012-1.

(D) The positions of guide DNAs targeted to CNL-05. The PAM is marked with blue letters, and the sgRNA
sequence is marked with red letters. (E) Sequences of the sgRNA positions in the CNL-05 knockout lines. (F)
Resistance/susceptible phenotypes of the selfed progeny of cnl-05_3.7.2 line heterozygous for wild-type (a) and
mutated (b: 1-bp insertion) alleles. The b/b homozygous plants became susceptible.
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Suppl. Fig. 4. Comparison of the gene structures of Pia(RGA4 and RGA5) and Pias (Pias-1and Pias-2).
DNA sequence similarities obtained by ClustalW are shown.
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Suppl. Fig. 5. Gene structures and predicted amino acid sequences of Pias-7 and Pias-2.
(A) Gene structures of Pias-1 and Pias-2. (B) RNA-seq read alignment across the genome sequence of the Pias
region as visualized by IGV (Robinson et al. 2011).
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LGELLRRIDAACHGDSDAGQLCVDIRQQLEKKRYFIVIDDIQTEDQWKSIKSAFPTDKDIGSRIVV
TTTIQSVANACCSANGYLHKMSRLDKNCSKQLLSKKACPERYSHYKQPDSAAILKKCDGQPLALVT
IGEFLQANGWPTGPNCEDLCNRLHYHLENDKTLERMRRVLVRNYTSLPGHALKACLLYFGMFPSDH
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Suppl. Fig. 5 (continued).
(C) Amino acid sequences and putative domains of Pias-1 and Pias-2. The RX-CC and NB-ARC domains of Pias-
1 and Pias-2 were annotated by a CD-search in NCBI (https://www.ncbi.nIm.nih.gov/Structure/cdd/wrpsb.cgi), and
the LRR was predicted using LRR predictor (Martin et al 2020).
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Suppl. Fig. 6. Isolation of AVR-Piasfrom M. oryzaeisolate 2012-1.

A simplified scheme showing the procedure used to isolate AVR-Pias. First, the genome of isolate 2012-1 was
sequenced on the lllumina platform, and the short reads were used for de novo assembly with DISCOVAR,
resulting in the 2012-1 genome reference (Suppl. Table 4, 5). Next, the isolate 2012-1 was used to inoculate
barley (Hordeum vulgare) cultivar ‘Nigrate’, which is highly susceptible to M. oryzae (Hyon et al. 2012), and the
infected leaves were subjected to RNA-seq (Shimizu et al. 2019), resulting in the identification of 10,991 genes
in 2012-1 that were expressed during host infection. Next, eight M. oryzae isolates (r1-r8) were selected and
used for inoculation of rice line HW-RIL7 with Pias but without Pi-W17-2. The eight isolates were compatible with
HW-RIL7 (result shown in the bottom), suggesting that they lack AVR-Pias. The eight isolates were then
subjected to genome resequencing on the lllumina platform, and the RalDeN method was used to identify only
presence/absence polymorphisms (Suppl. Table 4). The short reads of eight isolates were aligned to the
expressed genes of the 2012-1 isolate, resulting in the identification of 87 expressed genes that were specific to
isolate 2012-1. These transcripts were further filtered based on four criteria: (1) genes showing a higher level of
expression 24 h after inoculation (FPKM > 200) and genes encoding (2) a putative secreted protein, (3) a non-
transmembrane protein and (4) a small protein (<150 amino acids). This analysis identified three transcripts
(G9141, G9435, and G9532) as the candidates of AVR-Pias.
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Suppl. Table 4. Summary of whole genome sequencing of the nine M. oryzae isolates and RNA
sequencing of M. oryzae isolate 2012 for identification of AVR-Pias

Total no. of paired-

Race Sequencing Trim adapters Max length of

Line code platform and quality filter end (PE) re.ads after short reads Purpose
filtering
Whole genome
sequencing
2012-1 Miseq No 3,332,000 250 for de novo assemble
S-pathogen for HW-RIL7
Ina87T-56A rl Miseq Yes 1,776,902 125 for RaIDeN
A092-06-2 r2 Miseq Yes 2,691,934 125 for RaIDeN
85-141 r3 Miseq Yes 3,034,450 125 for RalDeN
SL91-48D r4 Miseq Yes 3,108,538 125 for RalDeN
2403-1 rs Miseq Yes 3,388,670 125 for RaIDeN
H98-315-1 ré Miseq Yes 2,933,673 125 for RaIDeN
0423-1 r7 Miseq Yes 2,996,542 125 for RalDeN
Ina85-182 r8 Miseq Yes 3,148,657 125 for RalDeN
RNAseq
M. oryzae isolate 2012-1
inoculated to the leaf of Total no. of reads
Hordeum vulgare var. (SE) after filtering
Nigrate
24H after inoculation Nextseq500 Yes 15,658,123 75 for RaIDeN and expression analysis

48H after inoculation Nextseq500 Yes 15,770,613 75 for RaIDeN and expression analysis
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Suppl. Table 5. Summary metrics of genome assembly of M. oryzae 2012-1
isolate. Genome assembly was performed by DISCOVAR software.

No. of contigs (>500bp) 2,414
Contig N50 (kb) 154.7
Largest contig (Mb) 1.0

Total size of the

assembled genome (Mb) 2
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M. oryzae: A092-06-2
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Pias-2 + + -

Suppl. Fig. 7. The expressed gene G9532 of M. oryzae isolate 2012-1 is AVR-Pias.

(A) Results of inoculation of rice line HW-RIL7 with Pias or Hitomebore without Pias with M. oryzae isolate Ac92-
06-2 wild type (WT) or A092-06-2 with the G9141, G9435 or G9532 transgene, all driven by the pex22 promoter.
When A092-06-2 contained G9532, the interaction became incompatible, indicating that G9532 is AVR-Pias. (B)
Introduction of pex22p:G9532 into M. oryzae isolate A092-06-2 confers avirulence to the pathogen against HW-

RIL7 with Pias-1 and Pias-2. Knockout of the host gene Pias-1 or Pias-2 compromises the avirulence caused by
G9532.
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Suppl. Fig. 8. Deletion of AVR-Pias from M. oryzae isolate 2012-1 causes a loss of avirulence against rice
line HW-RIL7 with Pias.

(A) Schematic overview of the target gene replacement (TGR) strategy at the AVR-Pias locus using RNA-guided
nuclease. The PAM is marked with blue letters, and the sgRNA sequence is marked with red letters. The primers
used for PCR analysis are indicated by horizontal arrows. (B) Inoculation assay of rice line HW-RIL7 with M.
oryzae 2012-1 wild type (WT) and TGR transformants. (C) PCR analysis of TGR events at the AVR-Pias locus.
Upper and lower images show PCR results using AVR-Pias- and Hygromycin (Hyg)-specific primers,
respectively. pCB1636: Replacement vector containing the hygromycin resistance gene and genomic regions
neighboring AVR-Pias. The isolates corresponding to lanes 2-5 show compatibility with rice line HW-RIL7 with
Pias, whereas the wild-type isolate (2012-1) in lane 6 is incompatible with HW-RIL7.
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Figure 2. Recurrent integration of extraneous domains in Pias/Pia sensor NLRs.

(A) A simplified scheme of the structures of the Pias/Pia NLR pairs. Pias-1/RGA4 helper NLRs are shown in
green, and Pias-2/RGA5 sensor NLRs are shown in white. The conserved LRR-ID intervening motif (LII) is
indicated by black ellipses. Integrated domains are shown by different-colored hexagons. (B) A sequence logo
showing conserved amino acids of the LRR-ID Intervening (LIl) motif. The red lines indicate the LRR in LII motif.
(C) Distribution of ID motifs among Oryza species. The pie charts show the frequencies of different ID motifs in a
given species. The colors correspond to the ID colors in (A). The numbers below the pie charts indicate the
sample numbers. A cladogram showing the phylogenetic relationships of 11 Oryza species and four other
Poaceae species (Setaria italica, Panicum hallii, Hordeum vulgare and Aegilops tauschii) based on Time Tree -
the time scale of life web-database (http://www.timetree.org/). The numbers on the branches indicate the
estimated time of the splitting of lineages (MYA: million years ago). (D) DNA sequence similarity between O.
punctata Pias-2/RGA5 sensor NLR and the downstream sequence of O. sativa (Nipponbare) Pias-2/RGA5. LII:
LRR-ID intervening motif. (E) Dot-plot analysis of the O. punctata Pias-2/RGA5 sensor NLR and O. sativa
(Nipponbare) Pias-2/RGA5 NLR  downstream sequences using  the Dotmatcher  tool
(http://emboss.bioinformatics.nl/cgi-bin/emboss/dotmatcher/). (F) Possible evolutionary process of ID
replacement that might have occurred between the O. punctata lineage and the O. sativa of Pias-2/RGA5
lineage. We still do not know the mode of interaction between the AVR-Pias effector and DUF761-containing
protein, so it is indicated by “?”.


https://doi.org/10.1101/2021.09.01.458560
http://creativecommons.org/licenses/by-nd/4.0/

B

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Read Transcript ORF
alignment assembly Prediction
; : ; TransDecoder
Hisat2 — StringTie — -
(Kim et al, 2015) (Pertea et al, 2015) mﬁ‘;ﬁ;’ggzgzgj’;"

inputs

sequenced in this study)

— 1
— |

NGS Sequence data
(publicly available or

Assembly

(.fa file)
(.fastq files)

genome sequence

(a) 1st screening

Query

Target

WRC17 (O. sativa var. indica) ID=DUF761
Sasanishiki (O. sativa var. japonica) ID=HMA
W1943 (O. rufipogon) ID=DUF677
IRGC105608 (O. barthii) ID=DUF761
GEN1233_2 (O. glumaepatula) ID=DUF761

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.01.458560; this version posted February 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

D bly of 167 —"1 w2112 (O. meridionalis) ID=DUF761
€ novo assembly 0 IRGC105690 (O. punctata) ID=Zinc_ribbon_12 (Zr_12)
Oryza accessions W1582 (0. punctata) ID= PKc_MAPKK
/ WO0002 (O. officinalis) ID=DUF677
WO0008 (O. australiensis) ID=HMA
by Exonerate IRGC101232 (O. brachyantha) ID=PKc_MAPKK (Pkc_M)
* WO0067B (O. granulata) ID=undefined domain
O. sativa subsp. O. sativa subsp. 0. gl /2 O.p (8) o. jcinalis (12) | |O. fensis (8)| O. 1y 0.9 (4)
indica (21) Jjaponica (23) (21) 17)
Zr 12 (2) DUF677 (12) HMA (8) W0067B ID (4)
DUF761 (4) DUF761 (15) DUF761 (11) PKc_M (6) PKc M (11)
HMA (17) HMA (8) ‘m‘ No-hit* (6)>
0. rufipogon (13) O. barthii (22) O. meridionalis
(18) . .
DUF761 (4) DUF761 (8) Gene predlctlon by RNAseq
HMA (6) HMA (7) DUF761(9) W2184 (O. glumaepatula)
DUF677 (2) DUF677 (7) HMA (3)
PKe_M (1) DUF677 (6) WO0655 (O. brachyantha )
(b) 2nd screening
Query
Target 12 annotated sequences used in 1% screening
+
De novo assembly of 167 | W2184 (0. glumaepatula) ID=Zinc_ribbon_12
Oryza accessions WO0655 (O. brachyantha) ID=HMA
by Exonerate
0. sativa subsp. 0. sativa subsp. o. o.p (8) o. jcinalis (12) | |O. jensis (8)| o. 1y O.g 4)
indica (21) Japonica (23) (21) 17)
Zr 12 (2) DUF677 (12) HMA (8) W0067B ID (4)
DUF761 (4) DUF761 (15) DUF761 (11) PKc_M (6) PKc_M (11)
HMA (17) HMA (8) Zr_12 (10) HMA (6)

O. rufipogon (13)

DUF761 (4)

HMA (6) HMA (7) DUF761(9)
DUF677 (2) DUF677 (7) HMA (3)
PKc_M (1) DUF677 (6)

O. meridionalis
(18)

0. barthii (22)

DUF761 (8)

Suppl. Fig. 9. Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.

(A) Overview of gene prediction methods used in this study. (B) Gene models of Pias-1/RGA4 and Pias-2/RGAS5 of
12 Oryza samples supported by RNA-seq data were used as queries to annotate IDs in the genome assemblies of
167 Oryza samples using Exonerate ((http://www.ebi.ac.uk/~guy/exonerate) ). However, 10 samples of O.
glumaepatula and six samples of O. brachyantha did not match known domains. Therefore, we incorporated RNA-
seq data of each sample from the two species, resulting in the annotation of the Zinc_ribbon_12 (O. glumaepatula)
and HMA (O. brachyantha) IDs . In the second round, we used the 12 samples used in the first round of Exonerate
as well as two new samples (O. glumaepatula W2184 and O. brachyantha W0655) as queries to infer IDs in the
assembled genomes of the 167 Oryza samples.
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Suppl. Fig. 9 (continued). Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.

(C) RNA-seq read alignment across the genome sequence of the Pias/Pia homologous region in the AA

genome Oryza species as visualized by IGV (Robinson et al. 2011).
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Suppl. Fig. 9 (continued). Prediction of ID sequences in the Pias/Pia sensor NLRs of the Oryza species.
(D) RNA-seq read alignment across the genome sequence of the Pias/Pia homologous region in the non-AA
genome Oryza species as visualized by IGV (Robinson et al. 2011).
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RGAS5 (1116 aa) QR - - - - TR AV - - e GV PEE<ER- - - - - - - ARAMAMA A sENG VESHE - - - - - TG 1032
Pias-2 (1368aa) TEJLESLSEV IMAMP TIRGLD IKNTKTEELPQGI LRMKKL S[HlL sMEE KakN | aV[@IMEV o TIWYE TMaD sppL SDETEGJAD 1230
LOC_Os12918360 (1033 aa) sfeJaldas HEAL e T FTTSREPARRY I APARTIHYBKEFEGANMF | KVN]- - - - - - - - - 977
RGA5 (1116 aa) EEIKERMv VMR IRV - - - - - - - - - - - RLUEALLEEK - - - - - - oo oo (. ABLL------- We L VEIEKTQL 1076
Pias-2 (1368 aa) DPJEGEFSTRANAS T[gK VDEDEVDRRANNF IAREKQ I TI RNSGFPKRRAASTND[fe- HIF 1 slis ANs P RENDBEIF kK[« FEIE 1309
LOC_Os12918360 (1033 aa) - [&]S EsgTowYyRliE----------- GIgPTI-- - ---- - - - FF-vconoo-- vi{olae <ol | RIS
RGAS5 (1116 aa) A[IGKEGAY[- - - - - - - - [P TN LsPFDYME YEREAPHMQD INPCSTM- - - -« « oo oo oo maa 1116
Pias-2 (1368aa) | ARMIRHTW[P | EsPRsV[{flckM- - - - - - FURCIEHIEEL -liTsAVvFEFFEMs | FLVWYSLRFRILSGKP 1368
LOC_Os12918360 (1033aa) PRJARIREL LR- - - - - - - - - -« o o oo om oo AKPRRHTARPY[AR - - - - - - - - - - - - - - - - - 1033

— LRR in LIl motif

1 LIl motif
CID motif

Suppl. Fig. 10. Positions of the LIl motif (this study) and the CID motif (Bailey et al. 2018).

Amino acid sequence alignment of RGA5, Pias-2 and LOC_0Os12g18360 and the positions of the LIl motif (this
study) and the CID motif as described by Bailey et al. (2018). The aqua and orange boxes indicate the LIl and
CID motif regions, respectively. The red lines indicate LRR in the LIl motif.
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ICTAGACAATTTACGCAGCCTTGGCAATCTGACCAACCTGCAGGATCTTCATCTTAGCT - -ATCGCACAATGCCATCCGATAAGAGTCTGAAGA - -AGAATl\

CTAGA- - ------ TCAGCCAT - - ------ - ACCGAC- - -CATGGTAGTC-CCTTACATGGGTCGC-CAA----ATCC------- TTCGGAAGATTAG- - -

CTGATAGCTCTAGCCTTTTCTCTTAGC - - - - - - - - AAACTTGGCAACC- - TTAGATCTCTCATTCTATC- - -ACCTAGTTCTGCATGCGTGGCCATTT - -

-GCTTTTG---TTTTTCTTTCCCCCTCCTGTACCCTGTC--CCATTTA---CTTTTATTTTTTCCGGCCC--GCTCT--ATACAT--ACATTTAT

L--JTCTT - _TACTATCTCGAAGGCCATGTCCTC - - - TATTTCTGTGTTTCTTCAGAGACTCGAGCTGTTGTCACCCATCTTCATCTTTCAGAGACTTCCC

TCCTCTTAATACAA- - - - - AAATGCACGT-CTCGCGTATTCC- - ---=----- CAAAAAATCCGGCTG-CCTAAGCCAT - - - - --=----- AGAGACTTCCG
——

IAAGTGCATTATTCAGCTCTGCAAACTCTGCATTTTGAAAGTTTCTGTTAGAGAACTTCTGGCAAGTGATATTTACAGCCTCACAGAACTACCTTCCCTCGI

AAGTGCATTATTCAGCTCCGCAAACTCTGCATTTTGAAAGTTTCTGTTAGAGAACTTCTGGTAAGTGATATTTACATCCTCACAGAATTACCTTCCCTCA

GAGCTCTCTCACTTCGTGTCCAGACAGCTCCTGAGGGAAAGATCATCTTCAGTGAGGGAGCACTACCAGTTCTCAGGTATTTTAGATTTGAATGTGGTGT

IICTCTGCCTGGAGTTCAGACCTGGAGCAATGCCCAATCTTCAGAGACTCAAGCTAGGTTTCAATACTGAACAGGAGAGTTATGTCAATATGCTTGCTGGA|

TCTCTGCCTGGAGTTCAGACCTGGAGCAATGCCCAATCTTCAGAGACTCAAGCTAGGCTTCAATACTGAACAGGAGAATTATGTCAATATGCTTGCTGGA

> Ex2

ATTGAGTACCTTTCAAACCTCCAGCATATTGCTGCACGAATTGGGCCAAATGCCAGTGTTGATGAATTTGATAGGAGGGCTGTGGATTCAGCATTCAAGA

JAAGCTATCACCAAGCACCCAAGGTGTCCTAGCTTCAATGTACAATGGGTGGCTTCGAGTAAGGAAGAGTGGCATCCTTCAGAGAAACAGCAGCAGAGTCA|

AAGCTATCACCAAGCACCCAAGGTGTCCTAGCTTCAATGTACAATGGGTGGCTTCGAGTAAGGAAGAGTGGCATCCTTCAGAGAAACAGCAGCAGAGTCA

JAGAAAAAGGCTCATCATCTGGAGAATACGTGACCATCAAAACAGGATCAGCAGAAGATACTGATAAAAACGTTCTTACCGGGCATAGAATCTTTCCTCAA|

AGAAAAAGGCTCATCATCTGGAGAATATGTGACTATCAAAACAGGATCAGCAGAAGATACTGATAAGAACGTTCTTACCGGGCATAGAATCTTTCCTCAA

ICCATCAGGTAAGGCGCAGTCAAGCACGCAACATAAAGGGTCATTAGCTGGACAAGATTGGACTATAGAGAAAGAATCAGTACAAGATATGGCGAATGAAT]

CCATCAGGTAAGGCGCATTCAAGCACGCAACATAAAGGGTCATTAGCTGGACAAGATTGGACTATAGAGAAAGAATCAGTACAAGATATGACGAAGGAAT

Ic ACAGTGCTCCATCAAACCTCTAGGATGCIGTAAGAGCCATAATAAATCATAGACACGAATTATACATATAATTTTTCTAATAAGGTTTATTTTTGTA
CTTTTACAGTGCTCCATCAAACCTCTAGGACGGTAAGAGCCATAATAAATCATAGCCGCTAATTATGCATATAATTTTTCTAATAAGGTGTATTTTTGTA}

ACATACCTTGGTTGAGAAAAGAAAATGATATCAACCCTCTTAGCTGTCCTTTCAAAACATAATGTTTAACGATGCATATGCTAGTAATTAGGTTAGGTGA
ACATATCTTGGTTCAGAAAAGAAAATGATATCAACCCTCTTAGCTGTCCTTTCTAAACATAATGTTTAACTATGCATATGCTAGTAATTAGGTTAGGTGA

TAGTAGTACTAATTTTGCAACAGCTGGCCATGGTTTTATGAGATTTAACAGCTGACCATA-ATTTTAAGAGGTTTTCTCCCACCCTTGAAGAAGTATATA
TAGTAGTACTAATTTTGCAACAGCTGGCCATAGTTTTATGTGATTTAACAGCTGACCATATTTTTTAAGAGGTTTTCTCCCATCCTTGAAGAAGTATATA

CCTCCTTATACTTGAGAGTTACCTTTCCATTAAGTGAGGTATGAAGACTAATTTTACAGGTTGGAATAGGATTGGAAACCTATCTTTATATATGTTCTTG
CCTCCTTATACTTGAGAGTTACCTTTCCATTAAGTGAGGTATGAAAACTAATTTTACAGGTTGGAGTAGGATTGGAAACCTATCTTTATATATGTTCCTG

ACCTTCTGACTTTTGTTATGTTTTCTAGAGGTATAGGTATTATGTTATTCATGAGGTATATACCTCTACTTTTTGGGAGGTACCCCCTCCATCCTATAAA
ACCTT-TTACTTTTGTTATGTTTTTTAGAGGT - - - - - - - - - - TGTTATTCATGAGGTATATACCTCCACTTTGTGGGAGGTATTCTCTCTATTCTATAAA

AAT-CAACTTCTGGCTATGAACCTAAACATATCCTACGTTCAGGTTCGTAGCCAAAAGTTGAATTTTTATGGGACCGAGAGAGTATTGGTATTTATGTTA
AATCCAACTTCTGGCTATGAATCTAGACATATCCTACGTCCAGATTCTTAGCCAAAAGTTGAATTTTTATTGGACTGAGAGAGTATTGGTATTTATGTTA

GTCAAAAGGTGCATGCTTCCACAGGAGGTATATACCTCCTGCTAACACTATGAAATATATATACATCTCTACACCTCCGAAGAATTAGAAAAGTCTAAAC
GTCAAAAGGTGCATGCTTCTACAGGAGGTATATACGTCCTGCTAACACTATGAGATATATATACATCTCTATACCTCCAAAGAATCAGAAAACTCTTACC

ATTGACAATTGTAAACTGGTTTCATTTTTTATCTATCAAATAGTTGGAAGGTATATACCTAAAGGATAAGAGAAAATCAATAATTTTAATTGTCTTGCAT
ATTGACAATTGTAAACTGGTTTCATTTTTTATCTATCAAATAGTTCGAAGGTATATACCTAAAGGATAAGAGAAAATCAATAATTTTAATTATCTTGCAT

ATACATTTGAAGTATCAACTCTGTAGTGTATGAAAATGAAATCACTGTAACACCCCAGGAGCCACATAGCCCAGTATGCTACTTAACTACGCTAGAAGAA
ATACATTTGAAGTATCAACTCTATAGTGTATGAAAATGAAATCACTGTAACACCCCAGGACCCACATAGCCCAGTATGCTCCTTAACTACGCTAGAAGAA

ACTAAGTTATAAAAAACTTCTGGATGCAAACATATGGAAGAAAACAGTGCAATACGGAAGCAAAATGTAAAGCACGATAACCACCATTTATTGACTCAAG
GCTAAGTTATAAAAAACTTCTGGA - - - - - - - - - - - - - AAGAAAATAGTGCAATACAGAAGCAAAATGTAAAGCACGATAACCACCATTTATTGACTCAAG

ATAATTGACATGAATAAAACATACTCCCTCTGTCCCAAAATATGGTAACCTAGTACTGGA- - -TTAGACACAACCTAGTAGTAAGCATCTAGATATATTC
ATAATTGACATGAATAAAACATATTCCGTCTGTCCTAAAATATAGCAATCTAATACTGAATTTTTAGACACAACTTAGTAGTAAGCATCTAGATATATTC

TTAGGTCACCATCTCCATGTTCTAGTTGATCTCCACAACAATTGCAGCAATGCCAAGTTGCCAACAAACTAGCCATGCAGTATGCGCAACAATTGAGGGA
TTATGTCACCATTTCCATGTTCTACTTGATCTCCACAACAATTACAGCAATGCCAATTTGCCAACAAACTAGCCACGCAGTATGCGCAACGATTGAGGCA

ATCTTCAAACCCAATCTGACATTTAGTAGAACATGAGCGCCACCTTACCCATCTCCTGGACTGCTGCTGGACCATGCTTCTTCCCCCAGCATGCGCCCAT
ATCTTCAAACCCAATCTGACATTTAGTAGAACATGAGCGCCACCTTACCCATCTCCTGGACTGCTGCTGGACCATGCTTCTTCCCCTAGCATGCGCCCAT

CGCAGAGATGCAGACCACCACCTCTTCCTCTTCTCCTCCTGGACGAATGGTTTGTGCAAGCTCAAAGTGCCAGTAGACCTGCGACTGCAAGTTTCCATGT
AGCAGAGATCCAGACCACCACCTCTTCCTCTTCTCCTCCTGGACGAATGGATTGTGCAAGCTCAATGTACCAGTAGGCCTGCGACTCCAAGTTTACATGT

GCGAAGCCTCAGAGCAATACCGCAACTAGGATGGTGTCCATAGCATTAAGTGGTATGCCACCTAGGTCAAAAGATGATTTGACACCATATCAAATGAGAA
GTGAAGCCTCAGAGCAATCCCGCAGCTAGAATGGTGTCCATAGCATTAAGTGGTATGCCACCTAGATCAAAAGATGATTTGACACCATATCAAATGTGAA

AAGAGGAGAGGAGGAAACTGGGTCTTGCATCATAAGAGAAATTGGGAGAGGAACTGGTGGCACTAAATTAGCACATTAGATTAATAGTATGTGCACTTTG
AAGAGGAGAGGAGGAAACTGTGTCTTGCATCATAAGAGAAATTGGGAGAGGAACTGGTGGCACTAAATTAGCGCATTAGATTAATATTATGTGCACTTT -

GATGGATGATATAGACATTACTGGTATAGTTCGATTTAGGGATTTGGGAATTGGTGTGTTGACCTGGCTGCAGCCGCACACAGGTCTTTATTTAGCAAGT
GATGGATGATATAGACATTACTAGTATAGTTCGATTTAGGGATTTGGGAATTGGTGTGTTGCCCTGGCCGCAGCCGCACAC- -GTCTTTATTTAGCATGT

TTGTAAGTAGGTCCTCAACAGTATTACGTAATACACCATCACCACTGTTATCTGCTTATTAAATAGTGTTTTTTTTCTCCCTTTGTGTCCTCATGTTCTT
TTGTAAGTAGGTCCTCAACAGTATTACGTAATACACCATCACCACTGTTATCTGCTTATTAGATTGTGTTTTTT---TCCTTTTGTGCCCTCACATTCTT

11. The O. punctata \W1582 LII-ID sequence is conserved in the downstream sequence of

Piasin O. sativacv. Nipponbare.

Y

() o0|q

Alignment of the DNA sequences of the O. punctata W1582 LII-ID and the W1582 LII-ID-like sequence in O.
sativa Nipponbare. The blue boxes and green lines indicate the exon sequence of O. punctata W1582 Pias-2
homolog and the LIl region, respectively.
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W1582 LII-ID [AGTACATGGACTGCGGATCTCTCTCAGATTTACTGAAGAAAGTTATAACAATTCCAGAGCCCTACCTTGCTGCCATCTGCAAIGCAGGCAAGTTA- - - - - -

W1582 LII-ID-like sequence in NP

W1582 LII-ID
‘W1582 LII-ID-like sequence in NP

W1582 LII-ID [TGCATCATGAGAAGCATATCATACACCGAGATCTAAAGCCATCAAATATACTAATAAATCACTGGGGAGAAGTAAAAATATGTGACTTTGGTGTTAGTGG|

'W1582 LII-ID-like sequence in NP

W1582 LII-ID [CATCATTAATGGCATGCGTGCAAAACAAGATTCATTTACTGGAACATATAACTGCATGGCYGTGGGTGAAATTTTTTATGTTATTAAATGTGTCACTGAG

W1582 LII-ID-like sequence in NP
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TCTATCGGTATGCTAAAACTGTTGCAGQGCAAATCATATGGAGCCATTGGATCATAATCAGTTGAGTTTAGATGACCTAGAGGTAATCAAAGTGATCGGAA]

TCTATTGGTATGCTAAAACCGTTGCAGACAAATCATATGGAGCCATTGGATCATAATCAGTTGAGTTTAGATGACCTAGAGGTAATCAAAGTGATCGGAA

AAGGTAGTAGTGGAGTATTGCACTTGGTTCGTGACAGACGGACTGGCCATCTTTTTGTTCTAAAGGTATTATATATGTGATAAGTGCATTCTTTGCTTTA
AAGGTAGTAGTGGAGTGGTGCACTTGGTTCGTGACGGACAGACTGGCCATTTTTTTGTTCTAAAGGTATTATATATTTGA-AAGTGCATTCTTTGCTTTA

TATTATGATTTCTTCCACTTCTCTCAGAGTTTTAGCTATAATTTGACATGTTCCTGACAGTTGTAACTTCATATAAGATCAGTTCTGTTTTCATGGGTCT
TATTATGATTTCTTCCACTTCTCTCAGAGTTTTAGCTATAATTTGACATATTCCTGACAGTTGTAACTTCATATAAGATCAGTTATGTTTTCATGGGTCT

TTTTCCTAACACCTGCAAAAGATCTTTACCTGCATTGGTGTATTAATTGTTGTCTTTGCAJGTTATACAACTAAATATCCAGGAGAGCT TACGCAAACAG
------------------------------------------------------ TTTGCAGGTTATACAACTAAATATCTAGGAGAGCATACGCAAACAG

Ex4

ATTGCCCAGGAGTTGAAAATTAGCTTGTCAACACAGTGCCAGTATGTTGTTGCATGTTATCAGTGTTTTTATGCCAACGGTATTATTTCAGCTGTTTTCG

AGTACATGGACTGCGGGTCTCTCTCAGATTTACTGAAGACAGTTATAACAATTCCAGAGCCCTACCTTGCTGCAATCTGCAAGCAGGCAAGTTACATGTG

GTAGAAGCTACCACACGATTTCTTTGCTTCGATACTCACTTTACCTTATAATAAAAATAATTAACCTTTCTTGTGCAqCTCTTAAAAGGACTGATGTACTI
GTAGAAGCTACCACACGATTTCTTTGCTTCGATACTCACTTTACCTTATAATAAAAAGAATTAATCTTTCTTGTGCAGCTCTTAAAAGGACTGATGTACT

Ex5

TGCATCATGAGAAGCATATCATACACCGAGATCTAAAGCCATCAAATATACTAATAAATCACTGGGGAGAAGTAAAAATATGCGATTTTGGTGTTAGTGG

CATCATTAATGGTCTGTGTGCAAAACGAGATTCATTTACTGGAACATATAACTACATGGCGGTGGGTAAAAGTTTTTATGTTATTAAATGTGTCACTGAG

TTTGGCATGAAATACTATCCATTTTTTTTTGTTTATAATTGGACCAAAGGAAATTTCTGTTCTTGACAGCCAGAAAGAATCAGTGGGCAGGAACATGATT]
TTTGGCATGAAATATTATCCA-TTTTTTTTGTTTATAATTGGACCAAAGGAAATTTCTGTTCTTGACAGCCAGAAAGAATCAGTGGGCAGGAACATGATT

W1582 LI-ID [ATATGAGTGATATCTGGAGCTTGGGCCTTGTTATGCTGGAATGTGCCACCGGTCATTTTTCATATCCTTCCGTTCAAAACTTTTATGAACTCCTTGAAGC]

W1582 LII-ID-like sequenceinNP ATATGAGTGATATCTGGAGCTTGGGCCTTGTTATGCTGGAATGTGCCACGGGTCATTTTT-ATATCCTTCCGTTCAAAACTGTTATGAACTCCTTGAAGC

W1582 LI-ID [TATTGTTGACGGACCAGCTCCTTCTGCTCCATCAGACCAGTTTTCAGAGGAATTCTGTTCGTTCATCTCTGCATGGTAACTCTGCATCTTTCATGATTTC
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TCCAAAAGAAGGCTTCAGATAGGTCATCTGCAAAATTCTTATT

TTTTGTTGACGGACCAGCACCTTCTGCTTCATCAGACCACTTTTCAGAGGAATTCTGTTCATTCATCTCTGCATGGTAACTCTGCATCTTTCATGATTTC

TCTGATCTCTTTTTTCCAACGGAAGTTACAATTGTAGCAGTAACAATAGGTTTTAACTTTTCGGTTACAATCATGTGCTTCCAATATTGTGCAGCATGTG
TCTGATTTCCTTTTTCCAACGGAAGTTACAATTGTAGCAGTAACAATAGGTTTTAACTTTTCGGTTACAATCATGTGCTTCCAATATTGTGCGGCATGTG

CACTACTGCTTATCTTGAAATATTTCGTTAATATTACATGTTAACCTGTTAGGCTTGGCATCTTCATATTCGCATGGACTTGCCAATCTAAAAAGACTAA
CCCTACTGCTTATCTTGAAACATTTCGTTAAAATTACATGTTAACCTGCTAGGCTTGGCATCTTCATATTCGCATGGTCTTGCCAATCTAAAAAGACTAA

I Yol o Y < R T e T T I
TACCAGTCAGGGGCGGGCCCACTATGTATTCAAGGGTATTCAGATGTATACCCAAAATTTTAGGAAAAAAAAAAGGTATATATACTATATAGTTCATATA

TTATTAGTGTATCATAATATACAAGCCCATTTTTTGGCTTTTAGGTGTATGAACAATTTTTTTACCCCTTCCCATTTCGAATACACAAGTTTAAAAAGCT

---------------- TAAGTTTTATAAACGATAGAGAAACGAACAAGGCCAATATTCAGTTCCTCTTTCTTCTGTTTGGTTGTGTGCACTCCTTGGGTG
GGGCCCGCCACTGGTATAAGTTTTATAAACCAT - - AGAAACGAACAGGGCTAATATTCAGTTCCTCTTTCTTCTGTTTGGTTGTGTGCACTCCTTGGGTG

CAGAGGCCGGAGGTGCTTGTAAACAC
CAGAGGCCGGAGGTGCTTGAAAACACTACTCCCTCCGTTATATAATATAAGAAATTGTAGAGTTGGACACGGTTATTAAGAAAGTAGGTAGAAGTGAATG

GTGGAGAGTTGTGATTGGATGAGTAGTAGAGGACTAGAGGTAGGTGGGAAAAGTGAATGGTGGAGGGTTGTGATTAGTTGGGAAGAGAATGTTAGTGGAG

---------------------------- TATGAGTTTAATAAAGCTTCCATAATCTAAAAA-ATATTCAGTTCCTCTGTTTTTTCTGTGGATTTTCAG
AAGTTGTTATATTTTGGGACGGAGGGAGTATGAGTTTAATAAAACTTCCATAATCTAAAAAGATATTCAGTTCCTCTGTTTTTTCTGTTGAATTTCAGTG EX7
TAAGTTAAAATTCTGTTCCGCATTTCTTGTTCATTTGCAAGGCTGCTTCTTCACC
TCCAAAAGAAGGCTTCAGATAGGTCGTCTGCAAAATTCTTATTGGTAAGTTAAAATTCTGTTCCGCATTTCTTGTTCATTTGCAAGGCTGCTTCTTCACC

TTCTATGCTGTCTTTGTTATTCAGECTCACCCATTCCTGAGCTTGTATAGCGACCTGGACATAGATCTTGCTTCATACTTCAAAATCACTGGATCTCCGC'}

TTCTACGCTGTCTTTGTTATTCAGACTCACCCATTCCTGAGCTTGTATAGCGACATGGACATAGATCTTGCTTCATACTTCAAAATCACTGGATCTCCGT

Ex8

AT -AAAGTAACTTGTCTTTTTATCTGGCATTCATTTTGTCATAGACGTGTGTAAAGACCATTGTTCAATGATTCCAA
TTGACACCTTCAGTTCAAGTAAGATAAAAGTAACTTGTCTTTTTATCTGGCATTGATTTTGTCATAGACACATGTAAAGACCATT - -------- ATCCAA

TGGATGATAGATAATTCTCATCGGCCATTCATTTTTTTT---GGCGTTCATTTTGTCATAGATGCATGTTTCTACCATTCTGAAGGTAATTGTTTTGGCT
TGGATGATAGATAATTCTCATTGGTCATTCTTTTTTTTTTTCGGTGTTCATTTTGTCATAGATGCATGTTACTACCATTCTGAAGGTAATTATTTTGGCT

TGTCAATCAGAATCGTGTGGTGAATTCAGCAGACAAAATAATAAGGCGGAGATAAAGTCACAGCTCACAAGCAAACCAACATTACAGTCATCGCAAGGCA|
TGTCAATCAGA- - - - - GTGGTGAATTCAGCAGACAAAATAACAAGTCAGAGATAAAGTCACAGCTCACAAGCAAACCAACATTACAGTCATCGCAAGGCA Exg
TACAGTCCTACTTGTGCATATTGTTTTCCAACCTTCC
TCACAGATAACTTCCCAAGTGAACAAGATTTTGAGCATGGTGCATTTAAAGGGCCTTATGTGGTACGGTCCTACTTGTACATATTATTTTCCAACCTTCC

TCCACTTCACCATAATTAATTGAAAAATCCACCTTTATATGTGTTAAACAGQGATGCACAGTTTAGCATGCTAAGATG
TCCACTTCACCATAATTAATTAAAAAATCCACCTTTATATATGTTAAGAAGGATGTACAGTTTGACTTCCCTAGATGA

}EX'IO

Suppl. Fig. 11. Continued.
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W1582 Pias-2 homolog

Similar sequence of “LIl + ID” of

LRR-ID Intervening
(LIT) region

O. meridionalis (W2112) sequence

Pias-2 allele with DUF761

(ex2 to ex3)
N,

O. punctata (W1582) Pias-2 homolog (ex2 ~ ex10)

Suppl. Fig. 12. The LIl + ID sequence of the O. punctata (W1582) Pias-2 homolog is conserved in the
downstream sequence of O. meridionalis (\W2112) Pias-2.

Dot-plot analysis of O. punctata (W1582) Pias-2 homolog and the genome sequence of O. meridionalis (W2112).
The purple line corresponds to block (a) in Figure 2. The block (b) sequence in Figure 2 is deleted in O.
meridionalis (W2112).
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Suppl. Table 9. A survey of 51 A-genome Oryza accessions with DUF761 ID revealed
that the O. punctata Lll-ID-like downstream sequence is widely conserved.

BLASTN search was performed on each genome sequence using O. punctata W1582 LlII-ID-like

sequence of Nipponbare cv. as a query. Block (a) and block (b) region correspond to those in Figure
2.DE.

O. punctata W1582 LII-ID-like

Species with DUF761 as ID

sequence conserved
block (a) and (b)  block (a) only

O. sativa 19 19 0
subsp. indica 4 4 0
subsp. japonica 15 15 0
O. rufipogon 4 4 0
O. barthii 8 1 0
O. glumipatula 11 0 0
O. meridionalis 9 1 7
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Figure 3. Contrasting evolutionary patterns of the helper and sensor NLRs of the Pias/Pialocus.

(A) Phylogenetic tree of the Pias-1/RGA4 helper NLR gene (left) and Pias-2/RGA5 sensor NLR (right) gene
based on the full-length amino acid sequence of Pias-1/RGA4 and the sequence in the region CC to LIl for Pias-
2/RGA5. Pias-2/RGA5 sensor NLRs form two major clades (C1 and C2). The numbers indicate bootstrap values.
(B) Nucleotide diversity () of the CC, NBS and LRR(-LIlI) domains of Pias-1/RGA4 helper NLR gene and Pias-
2IRGAS5 sensor NLR gene in 22 Oryza samples. (C) Tajima’s D of the CC, NBS and LRR(-LIl) domains of Pias-
1/RGA4 helper NLR gene and Pias-2/RGA5 sensor NLR gene in 22 Oryza samples. (D) Pairwise dyand ds
values of CC-NBS-LRR(-LIl), CC, NBS and LRR domains of the Pias-1/RGA4 helper and Pias-2/RGA5 sensor
NLR gene in 22 Oryza samples.
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Supple. Fig. 13 (A) Comparison of w, dy, and ds between Pias-1/RGA4 and Pias-2/RGA5. The ‘a’ indicates
that Pias-2/RGA5 is significantly larger than Pias-1/RGA4 by two-sided Welch’s t-test (p < 0.0001). The ‘b’
indicates that Pias-2/RGA5 is significantly smaller than Pias-1/RGA4 by two-sided Welch’s t-test (p <
0.0001). (B) Comparison between dy, and ds in Pias-1/RGA4 and Pias-2/RGAS5.
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Suppl. Fig. 14 HR-like cell death after overexpression of helper NLRs of the RGA4/Pias-1 lineage in N.
benthamiana.

(A) Boxplots of autofluorescence values after transient expression of RGA4/Pias-1 homologs. GUS vector was
included as a control. The number of spots inoculated with A. tumefaciens are indicated at the top of the boxplot.
Box bounds represent the 25th and 75th percentile, center line represents the median, and whiskers indicate the
range of the maximum or minimum data within a 1.5x interquartile range (IQR). (B) Representative image of
Pias-1/RGA4-meditated HR in N. benthamiana. (C) Immunoblot analysis of Pias-1:HA, RGA4:HA, RGA4-
Oau:HA (cloned from O. australiensis accession W0008), RGA4-Oru:HA (cloned from O. rufipogon accession
W1943), and RGA4-Ogr:HA (cloned from O. granulata accession W0067B) proteins detected by anti-HA (a-HA)
antibody. Coomassie blue staining of Rubisco small subunit shows equal protein loading. The protein bands
expressed from the constructs are marked by red asterisks. The positions of molecular size marker are indicated
on the left (kDa)
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Suppl. Fig. 15 HR-like cell death after overexpression of Pias-1:HA helper and Pias-1/RGA5 sensors in N.
benthamiana.

(A) Boxplots of autofluorescence values after transient expression of Pias-1:HA, FLAG:Pias-2, and FLAG:RGA5
separately or in combination in N. benthamiana. The number of spots inoculated with A. tumefaciens are
indicated at the top of the boxplot. Box bounds represent the 25th and 75th percentile, center line represents the
median, and whiskers indicate the range of the maximum or minimum data within a 1.5 xinterquartile range
(IQR). (B) Representative image of HR after transient expression of Pias-1:HA, FLAG:Pias-2, and FLAG:RGA5
separately or in combination in N. benthamiana. (C) Immunoblot analysis of Pias-1:HA protein detected by anti-
HA (a-HA) antibody and FLAG:Pias-2 and FLAG:RGA5 proteins detected by anti-FLAG antibody. Coomassie
blue staining of Rubisco small subunit shows equal protein loading. The protein bands expressed from the
constructs are marked by red asterisks. The positions of molecular size marker are indicated on the left (kDa).
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Suppl. Fig. 15 (continued). HR-like cell death after overexpression of Pias-1 helper, Pias-2 sensor, and
AVR-Pias in N. benthamiana.

(D) The rice line HW-RIL7 with Pias recognizes the M. oryzae Ao-92-06-2 isolate with AVR-Pias:FLAG (A092-
06-2+pex22p:AVR-Pias:FLAG) and shows resistance to this isolate. (E) Boxplots of autofluorescence values
after transient expression of Pias-1:HA, FLAG:Pias-2, and AVR-Pias:FLAG separately or in combination in N.
benthamiana. The number of spots inoculated with A. fumefaciens are indicated above the boxplot Box bounds
represent the 25th and 75th percentile, center line represents the median, and whiskers indicate the range of the
maximum or minimum data within a 1.5x interquartile range (IQR). (F) Representative image of HR after
transient expression of Pias-1:HA, FLAG:Pias-2, and FLAG:RGA5 separately or in combination in N.
benthamiana. (G) Immunoblot analysis of Pias-1:HA protein detected by anti-HA (a-HA) antibody and
FLAG:Pias-2 and AVR-Pias:FLAG proteins detected by anti-FLAG antibody. Coomassie blue staining of Rubisco
small subunit shows equal protein loading. The protein bands expressed from the constructs are marked by red
asterisks. The positions of the molecular size marker are indicated on the left (kDa).
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Suppl. Fig. 16. Co-immunoprecipitation shows that Pias-1 interacts with Pias-2.

(A) Co-immunoprecipitation (Co-IP) of Pias-1 (MHD mutant):HA with FLAG:Pias-2 or FLAG:GFP (negative
control), as well as Co-IP of RGA4 (MHD mutant):HA with FLAG:RGA5 or FLAG:GFP (negative control) were
performed. Pias-1 (MHD mutant):HA and FLAG:Pias-2 or FLAG:GFP were transiently co-expressed in N.
benthamiana. Similarly, RGA4 (MHD mutant):HA and FLAG:RGA5 or FLAG:GFP were transiently co-expressed
in N. benthamiana. Instead of the wild-type Pias-1 and RGA4, their MHD mutants (TYG to MHD in ARC2
subdomain as described in Cesari et al. 2014) were used to avoid HR-like cell death that reduces protein
accumulation. We judge the weak bands detected by anti-HA antibody after Co-IP in Pias-
1(MHD):HA+FLAG:GFP (lane 2) and RGA4(MHD):HA+FLAG:GFP (lane 4) are non-specific. Bound fractions
were analyzed by immunoblotting using anti-FLAG and anti-HA antibodies. Coomassie blue staining of the
Rubisco small subunit shows equal protein loading. The protein bands expressed from the constructs are
marked by red asterisks. The positions of the molecular size marker are indicated on the left (kDa). We obtained
similar results in three independent experiments.
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Suppl. Fig. 16 (continued). Yeast two-hybrid assays indicate that the Pias-1 CC domain and Pias-2 CC
domain homo- and heterodimerize.

(B) The Pias-1 and Pias-2 CC domains form homo- and heterocomplexes. A dilution series of yeast cells
expressing a GAL4-AD and GAL4-BD fusion of Pias-1 1-182 (Pias-1:CC,_yg,) and/or Pias-2 1-177 (Pias-2:CC;.
177) on selective media lacking His, Trp, Leu and Ade (—HTLA) and non-selective media lacking Trp and Leu (—
TL) with 5-bromo-4-chloro-3-indolyl a-D-galactopyranoside (X-a-gal). GFP was used as the negative control.
Photographs were taken 5 days after growth. (C). Immunoblot analysis confirms the protein production in the
Y2H assay shown in (B). The bait protein was tagged with the Myc epitope and the prey protein with the HA
epitope. The protein bands expressed from each vector are marked by red asterisks. The positions of the
molecular size marker are indicated on the right (kDa). We obtained similar results in three independent
experiments. We attempted Y2H assay using the full-length Pias-1 and Pias-2 constructs. However, we could
not detect interactions between the full-length Pias-1 and Pias-2.
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Figure 4. The NLR helper Pias-1 is functionally conserved.

(A) Representative images of N. benthamiana leaves after agroinfiltration with Pias-1:HA, Pias-
1:HA/FLAG:RGA5, FLAG:RGA5/AVR-Pia, and Pias-1:HA/FLAG:RGA5/AVR-Pia (left) and RGA4-Ogr:HA
derived from O. granulata, RGA4-Ogr:HA/FLAG:RGA5, FLAG:RGA5/AVR-Pia, and RGA4-
Ogr:HA/FLAG:RGA5/AVR-Pia (right). Autofluorescence under UV light is shown. (B) Pias-1 cooperates with
RGAG5 to recognize AVR-Pia and induces resistance in rice. The rice line HW-RIL7 with Pias (Pias-1 and Pias-2)
recognizes the A0-92-06-2 strain with AVR-Pias (A092-06-2+pex22p:AVR-Pias) and induces resistance.
However, HW-RIL7 cannot recognize the Ao02-06-2 strain with AVR-Pia (A092-06-2+pex22p:AVR-Pia). Two
lines (Line #1 and #2) contain the 355-RGAS5 transgene in the HW-RIL7 background. F1-A is a progeny derived
from a cross between Sasanishiki with Pia (RGA4 and RGA5) and HW-RIL7. F1-B is a progeny derived from a
cross between a Sasanishiki mutant (Sas1493) with pia (rga4 and RGA5) and HW-RIL7.
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Suppl. Fig. 17. HR-like cell death caused by Pias1 and RGA4-Ogr expression is suppressed by RGA5
expression, and additional AVR-Pia expression induces cell death.

(A) Boxplots of autofluorescence values after transient expression of Pias-1:HA, FLAG:RGA5, and AVR-Pia
separately or in combination in N. benthamiana leaves. The number of spots inoculated with A. tumefaciens are
indicated at the top of the boxplot. Box bounds represent the 25th and 75th percentile, center line represents the
median, and whiskers indicate the range of the maximum or minimum data within a 1.5 x interquartile range
(IQR). (B) Immunoblot analysis of Pias-1:HA protein detected by anti-HA (a-HA) antibody, FLAG:RGAS5 protein
detected by anti-FLAG antibody, and AVR-Pia detected by anti-AVR-Pia antibody. Coomassie blue staining of
Rubisco small subunit shows equal protein loading. The protein bands expressed from the constructs are
marked by red asterisks. The positions of molecular size markers are indicated on the left (kDa). (C) Boxplots of
autofluorescence values after transient expression of RGA4-Ogr:HA, FLAG:RGA5, and AVR-Pia separately or in
combination in N. benthamiana leaves.The number of spots inoculated with A. tumefaciens are indicated at the
top of the boxplot. Box bounds represent the 25th and 75th percentile, center line represents the median, and
whiskers indicate the range of the maximum or minimum data within a 1.5x interquartile range (IQR). D)
Immunoblot analysis of RGA4-Ogr:HA protein detected by anti-HA (a-HA) antibody, FLAG:RGA5 protein
detected by anti-FLAG (a-FLAG) antibody, and AVR-Pia detected by anti-AVR-Pia (a-AVR-Pia) antibody.
Coomassie blue staining of Rubisco small subunit shows equal protein loading. The protein bands expressed
from the constructs are marked by red asterisks. The positions of molecular size markers are indicated on the
left (kDa).
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Suppl. Fig. 18. Results of inoculation of HW-RIL7, Sasanishiki and Sas1493 rice
plants with M. oryzae isolates A092-06-2, A092-06-2 + pex22p::AVR-Pia and
A092-06-2 + pex22p::AVR-Pias.
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Suppl. Fig. 19. The DUF761-containing gene family in rice.

A BLASTP search was performed using the amino acid sequence of the DUF761 domain of Pias-2 as a query.
Fifteen DUF761 domain-containing genes were retrieved using a cutoff e-value < 10. The middle panel shows
the amino acid sequence alignment and the right panel shows the domain structure of each protein.
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Suppl. Table 11. List of NLRs and AVR used in the cell death assay.
ODgq, of Agrobacterium tumefaciens used for agroinfiltration to N. benthamiana leaves is shown.

Protein name Epitope tag ]()Slll)s;g
Pias-1 C-terminal HA 0.2
RGA4 C-terminal HA 0.2
RGA4-Oru  C-terminal HA 0.2
RGA4-Oau  C-terminal HA 0.2
RGA4-Ogr  C-terminal HA 0.2
Pias-2 N-terminal FLAG 04
RGA5 N-terminal FLAG 04
AVR-Pia Untagged 0.3

AVR-Pias C-terminal FLAG 0.3
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