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Summary 25 

Cooperation between receptors from the NLR superfamily is important for 26 

intracellular activation of immune responses. NLRs can function in pairs that, upon 27 

pathogen recognition, trigger hypersensitive cell death and stop pathogen invasion. 28 

Natural selection drives specialization of host immune receptors towards an optimal 29 

response, whilst keeping a tight regulation of immunity in the absence of pathogens. 30 

However, the molecular basis of co-adaptation and specialization between paired 31 

NLRs remains largely unknown. Here, we describe functional specialization in 32 

alleles of the rice NLR pair Pik that confers resistance to strains of the blast fungus 33 

Magnaporthe oryzae harbouring AVR-Pik effectors. We revealed that matching pairs 34 

of allelic Pik NLRs mount effective immune responses whereas mismatched pairs 35 

lead to autoimmune phenotypes, a hallmark of hybrid necrosis in both natural and 36 

domesticated plant populations. We further showed that allelic specialization is 37 

largely underpinned by a single amino acid polymorphism that determines 38 

preferential association between matching pairs of Pik NLRs. These results provide a 39 

framework for how functionally linked immune receptors undergo co-adaptation to 40 

provide an effective and regulated immune response against pathogens. 41 

Understanding the molecular constraints that shape paired NLR evolution has 42 

implications beyond plant immunity given that hybrid necrosis can drive 43 

reproductive isolation.  44 
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single amino acid polymorphism in the helper NLR Pik-2 that underpins both allelic 135 

specialization and immune homeostasis. This finding allowed to reconstruct the 136 

evolutionary history of this coevolution. Altogether, these results demonstrate that 137 

NLR pairs can undergo co-adaptation and functional specialization, offering a 138 

molecular framework to understand how they evolve to respond to pathogen 139 

effectors while maintaining a tight regulation of immune responses.  140 
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Altogether, these results demonstrate that polymorphisms in Pik-2 play an 200 

important role in facilitating response to different AVR-Pik alleles. Particularly, a 201 

single polymorphic residue, Glu230, was revealed as a major determinant of the 202 

increased cell death responses to the AVR-Pik effectors displayed by the Pikm NLR 203 

pair. 204 

Mismatched Pik pair Pikp-1/Pikm-2 triggers constitutive cell death responses in 205 

N. benthamiana. 206 

When independently evolved NLR receptors meet in the mixed immune 207 

background of a hybrid plant, it can lead to misregulation in the form of suppression 208 

(Hurni et al., 2014; Stirnweis et al., 2014) or constitutive activation of immune 209 

responses (Chae et al., 2014; Li et al., 2020; Tran et al., 2017). 210 

The Pikp and Pikm allelic pairs trigger a strong cell death response in N. benthamiana 211 

when co-expressed with rice blast effector AVR-PikD, but not in the absence of 212 

effector (De la Concepcion et al., 2018; Maqbool et al., 2015). However, we noticed 213 

that when Pikp-1 was co-expressed together with Pikm-2, it led to cell death 214 

response in the absence of AVR-PikD (Figure 3). We did not observe NLR 215 

autoactivation in the reciprocal mismatched pair Pikm-1/Pikp-2 (Figure 3). 216 

These results reveal signatures of coevolution in the Pikp and Pikm allelic pairs. We 217 

hypothesise that these allelic pairs have coevolved with their respective partners and 218 

have drifted enough to trigger a misregulated form of immune response when they 219 

are mismatched, leading to constitutive cell death in N. benthamiana. 220 

Pik autoactivity is linked to immune signalling. 221 

We sought to gain knowledge on the constitutive cell death mediated by Pikm-2 and 222 

understand the link with NLR activation. To this end, we mutated Pikm-2 in the 223 

conserved P-loop and MHD motifs and tested their ability to trigger constitutive cell 224 

death responses in the absence of the AVR-PikD effector. 225 

The P-loop motif is conserved in NLR proteins and mediates nucleotide binding 226 

linked with oligomerization and NLR activation (Ma et al., 2020; Wang et al., 2019b). 227 

Loss-of-function mutations at this position render NLRs inactive and have been 228 
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NLRs from the Pikp-like clade, triggering constitutive immune activation and cell 319 

death in the absence of pathogen effectors. 320 

Sensor/helper hetero-pairing alters protein accumulation in Pik NLRs. 321 

We aimed to obtain mechanistic understanding of Pik NLR pair coevolution and 322 

autoactivation. For this, we investigated whether accumulation of sensor Pik-1 or 323 

helper Pik-2 proteins is altered in the presence of the coevolved or mismatched pair. 324 

After co-expression of both Pikp-1 and Pikm-1 alleles in N. benthamiana in 325 

combination with the helper Pikp-2 or Pikm-2 alleles followed by western blot, we 326 

observed that protein accumulation of Pik-1 and Pik-2 alleles were consistently 327 

increased when they were expressed together compared to co-expression with 328 

empty vector (Figure 7A). This is consistent with a model where Pik-1 and Pik-2 329 

associate in sensor/helper NLR heterocomplexes, stabilizing both proteins (Zdrzalek 330 

et al., 2020). 331 

Interestingly, accumulation of the helper Pik-2 in the autoimmune pair Pikp-332 

1/Pikm-2 was consistently higher (Figure 7A). This could be due to a different 333 

sensor/helper stoichiometry in the constitutively active Pik complex, as observed in 334 

some activated NLR complexes (Hu et al., 2015; Sharif et al., 2019; Tenthorey et al., 335 

2017; Zhang et al., 2015). This is also consistent with the finding that CC domain of 336 

Pik-2 NLR has the consensus MADA motif first identified in ZAR1 (Adachi et al., 337 

2019a), indicating the possibility that Pik activation may involve oligomerization of 338 

multiple Pik-2 receptors as in the ZAR1 resistosome (Wang et al., 2019a). 339 

Coevolved and mismatched Pik pairs form heterocomplexes. 340 

Prompted by the differences in protein accumulation observed between different 341 

combinations of Pik-1 and Pik-2, we investigated whether cell death phenotypes in 342 

mismatched Pik pairs are underpinned by differences in NLR hetero-association. 343 

We co-expressed C-terminally tagged Pikp-1 or Pikm-1 with either C-terminally 344 

tagged Pikp-2 or Pikm-2 in N. benthamiana. Following total protein extraction, we 345 

performed co-immunoprecipitation to test for differences in NLR association (Figure 346 
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To investigate if the preferential sensor/helper association is related to the activation 433 

of the helper NLR Pik-2, we tested whether the constitutive cell death mediated by 434 

Pikp-2 Asp230Glu could be supressed by mutants that render Pikp-2 inactive. 435 

Although Pik NLRs do not require a functional P-loop or MHD motif to form 436 

heterocomplexes (Figure 8), we did not observe reduction of cell death phenotypes 437 

with increasing concentrations of Pikp-2 mutants in the P-loop (Lys217Arg) or MHD 438 

(Asp559Val) motifs (Figure 11), even at the highest concentration. This indicates that 439 

the P-loop and MHD motifs are important for the preferential sensor/helper 440 

association observed in Pikp-1 and Pikp-2. 441 

Altogether, these results suggest that changes in Pik-2 helper NLR association to 442 

sensor Pik-1 from a resting state into an activated complex requires functional P-loop 443 

and MHD motifs. This is consistent with studies in the Arabidopsis NLR RPP7, 444 

where a P-loop mutant retains the ability to associate with autoactive forms of its 445 

incompatibility partner HR4 but is not capable of forming higher order assemblies 446 

(Li et al., 2020).  447 
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Here, we used Pikp and Pikm as representative examples of the two clades in which 478 

Pik alleles are distributed (Bialas et al., 2021; De la Concepcion et al., 2021). Given the 479 

similarity between sensor and the helper NLRs within each clade, we predict the 480 

phenotypes reported will extend to other similar mismatches between Pik alleles. 481 

To date, integrated domains have been primarily found in paired NLRs that are 482 

located in co-regulatory modules with a shared promoter region (Cesari et al., 483 

2014a). Therefore, the spatial regulation of NLRs with unconventional domains in 484 

pairs might be a general mechanism to mitigate NLR misregulation as a consequence 485 

of domain integrations or their accelerated evolutionary rates compared with other 486 

NLR domains (Bialas et al., 2021). 487 

We have used N. benthamiana as a heterologous system to investigate cell death and 488 

autoimmunity in the Pik NLRs. Cell death responses mediated by Pik in this system 489 

have previously been shown to correlate with immune responses in rice (De la 490 

Concepcion et al., 2018; De la Concepcion et al., 2021; Maqbool et al., 2015). 491 

Additional  experiments in rice could further clarify the extent to which Pik 492 

mismatching leads to autoimmunity and hybrid necrosis. However, given that Pik 493 

alleles localize in the same genomic region in different cultivars, and the tight 494 

linkage between sensor and helper NLRs (head-to-head orientation with ~3000 bp 495 

shared promoter (Ashikawa et al., 2008)), obtaining rice plants with mismatched 496 

combinations of sensor and helper by conventional breeding would be challenging. 497 

Pik autoimmunity also poses the question of whether mismatching between alleles 498 

could impose a reproductive barrier. However, to our knowledge, no rice cultivar 499 

with mixed Pik alleles has been reported to date (Figure 6a). Different allele pairs are 500 

present (probably introgressed) in both Japonica and Indica rice varieties. Again, this 501 

may be due to difficulties of mixing sensor and helper NLRs in the context of spatial 502 

regulation and the tightly genetic linkage. 503 

We found mismatched allelic NLR pairs can lead to constitutive cell death. We 504 

further narrowed down this phenotype to a single Asp to Glu polymorphism, which 505 

is the same polymorphism that underpins an extended cell death response to AVR-506 

Pik effectors. Introducing this Asp230Glu polymorphism in Pikp-2 led to an increase 507 
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possibly affecting sensor/helper stoichiometry, as described for NAIP/NLRC4 538 

inflammasomes (Hu et al., 2015; Tenthorey et al., 2017; Zhang et al., 2015). This 539 

rearrangement is dependent on nucleotide binding and has been fine-tuned during 540 

the evolutionary process, as depicted in the competition assays in the Pik pair. 541 

Autoactive mutations in Pikp-2 led us to re-evaluate the involvement of conserved 542 

P-loop and MHD motif of sensor and helper Pik NLRs in signalling activation. In 543 

contrast to the previously described cooperation mechanism of Pik regulation (Bialas 544 

et al., 2018; Zdrzalek et al., 2020), the P-loop of sensor NLR Pik-1 is important but not 545 

necessary for NLR activation. This also deviates from the negative regulation 546 

mechanism described for other NLR pairs such as Pia or Arabidopsis RRS1/RPS4 547 

(Cesari et al., 2014b; Cesari et al., 2013; Le Roux et al., 2015; Sarris et al., 2015) and 548 

suggests the Pik pair may trigger cell death via a different mechanism. Surprisingly, 549 

combining Pik-2 mutants in the P-loop and MHD motifs within the autoactive Pikp-550 

1/Pikp-2 Asp230Glu background did not lead to a reduction in constitutive cell 551 

death, as observed with the Pikp-2 wild-type (Figure 11). This suggests that these 552 

mutants cannot outcompete Pikp-2 Asp230Glu from a complex with Pikp-1, 553 

meaning that mutations in these domains, although they do not prevent association, 554 

may affect the strength of sensor/helper association. However, the requirements of 555 

these regions for the formation of a hypothetical NLR complex remains unclear. 556 

Future experiments using autoactive combinations should help unravel the 557 

requirements of Pik NLR immune signalling and will reveal the nature of the 558 

changes undergone by NLRs during activation. 559 

While Pikp-2 Asp230Glu induces a strong constitutive cell death when paired with 560 

Pikp-1, it only leads to a weak cell death response in the absence of the effector when 561 

paired with Pikm-1. This may reflect another layer of sensor/helper coevolution 562 

where sensor Pikm-1 may have adapted to supress uncontrolled activation triggered 563 

by the Asp230Glu polymorphism found in Pikm-2. Given the similarity between 564 

Pikp-1 and Pikm-1 outside the integrated HMA (Bialas et al., 2021), this domain may 565 

harbour the compatibility determinant with this polymorphism. Integrated domains 566 

may have regulatory functions other than binding effectors (Ma et al., 2018). Further 567 
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comparative analysis between Pikp and Pikm HMA domains, using the repertoire of 568 

mutants developed here, will be required to address this question that is important 569 

for future engineering efforts based on the Pik system. 570 

In summary, this work provides an evolutionary framework for how differential 571 

selective pressures, such as recognition of pathogen strains via effector binding, 572 

impact NLRs pairs. It uncovers the potential of paired NLRs to give rise to 573 

autoimmune phenotypes during evolution and links pathogen perception and 574 

autoimmunity.  575 
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 578 

Phylogenetics analyses. 579 

Codon-based alignment was generated using MUSCLE 3.8.425 (Edgar, 2004). The 580 

alignment positions with more than 40% data missing were removed using 581 

QKphylogeny (https://github.com/matthewmoscou/QKphylogeny). The 582 

maximum likelihood tree was calculated from a 3,066-nt-long alignment using 1000 583 

bootstrap method (Felsenstein, 1985) and GTRGAMMA substitution model (Tavaré, 584 

1986) as implemented in RAxML v8.2.11  (Stamatakis, 2014). Best-scoring tree was 585 
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manually rooted using the Pik-2 sequence from Leersia perreri and visualized using 586 

the iToL tool v5.5.1 (Letunic and Bork, 2019). The interactive tree is publicly 587 

available at: https://itol.embl.de/tree/8229133147185181615486010 588 

Joint reconstruction of ancestral sequences (Yang et al., 1995), based on the algorithm 589 

of Pupko et al. (Pupko et al., 2000), was performed using the codeml program as part 590 

of the PAML 4.9j package (Yang, 1997). The ancestral sequence reconstruction was 591 

carried out based on best-scoring ML tree and a 3,261-nt-long codon alignment of the 592 

full length Pik-2 sequences. 593 

The accession numbers of the sequences used in the phylogenetic analyses are 594 

LPERR11G19580.2, ONIVA11G22700, ORUFI11G24740, XM_015762499.2, 595 

OGLUM11G22330, ORGLA11G0185700, MW568036, MW568041, MW568042, 596 

MW568043, MW568044, MW568045, KN541092.1, OPUNC11G19560, 597 

OBART11G23160.1, GU811862, HQ606329, HM048900_1, HQ662329_1, GU811867, 598 

AB462325, GU811861, GU811864, GU811865, GU811866, HQ662330, HM035360, 599 

KU365338.1, HQ660231, GU811868, GU811869, GU811870, GU811871, GU811872. 600 

Gene cloning. 601 

For protein expression in planta, we used full length Pikp-1 and Pikm-1 into the 602 

plasmid pICH47742 with a C-terminal 6×His/3×FLAG tag as previously described 603 

(De la Concepcion et al., 2018). Wild-type Pikp-2 and Pikm-2 in pICH47751 with C-604 

terminal 6×HA were also described in (De la Concepcion et al., 2018) and Pik-2 605 

mutated versions were generated by site-directed mutagenesis (see below) using 606 

appropriate Pik-2 template in pCR8/GW/TOPO (Invitrogen) with Golden Gate 607 

compatible overhangs. The constructs were later assembled in pICH47751 under 608 

control of Agrobacterium tumefaciens mannopine synthase (Mas) promoter and 609 

terminator and a C-terminal 6×HA using golden gate cloning (Engler et al., 2014). 610 

AVR-Pik effector alleles used in this study were previously described in (De la 611 

Concepcion et al., 2018). 612 

All DNA constructs were verified by sequencing. 613 

Site-directed mutagenesis. 614 
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Detached leaves were imaged at 5 dpi from the abaxial side of the leaves for UV 672 

fluorescence images. Photos were taken using a Nikon D4 camera with a 60 mm 673 

macro lens, ISO set 1600 and exposure ~10 secs at F14. The filter is a Kodak Wratten 674 

No.8 and white balance is set to 6250 degrees Kelvin. Blak-Ray® longwave (365nm) 675 

B-100AP spotlight lamps are moved around the subject during the exposure to give 676 

an even illumination. Images shown are representative of three independent 677 

experiments, with internal repeats. The cell death index used for scoring is as 678 

presented previously (Maqbool et al., 2015). Dotplots were generated using R v3.4.3 679 

(https://www.r-project.org/) and the graphic package ggplot2 (Wickham, 2016). 680 

The size of the centre dot at each cell death value is directly proportional to the 681 

number of replicates in the sample with that score. All individual data points are 682 

represented as dots.  683 

Statistical analyses. 684 

Cell death scoring from autofluorescence was analysed using estimation methods 685 

(Ho et al., 2019)  and plotted using the besthr R library as implemented before (De la 686 

Concepcion et al., 2019). All cell-death scores in samples under comparison were 687 

ranked, irrespective of sample. The mean ranks of the control and test sample were 688 

taken and a bootstrap process was begun on ranked test data, in which samples of 689 

equal size to the experiment were replaced and the mean rank was calculated. After 690 

1000 bootstrap samples, rank means were calculated, a distribution of the mean 691 

ranks was drawn and its 2.5 and 97.5 quantiles calculated. If the mean of the control 692 

data is outside of these boundaries, the control and test means were considered to be 693 

different.  694 
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783 
Figure 2. A single Pik-2 polymorphism modulates the cell death response to the 784 

AVR-Pik effectors. Representative leaves depicting cell death mediated by Pik-2 785 

mutants as autofluorescence under UV light. Pikm-1 was co-expressed with either 786 

(A) Pikp-2 Asp230Glu or (B) Pikm-2 Glu230Asp and AVR-PikD (AVR-D), AVR-PikE 787 

(AVR-E) or AVR-PikA (AVR-A). Side-by-side infiltrations with Pikm NLR pair are 788 

highlighted with dashed boxes for comparison. Cell death scoring is represented as 789 

dot plots. The number of repeats was 30. For each sample, all the data points are 790 

represented as dots with a distinct colour for each of the three biological replicates; 791 

these dots are jittered about the cell death score for visualisation purposes. The size 792 
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 847 

Figure 3. Pikm-2 triggers constitutive cell death in the presence of Pikp-1. 848 

Representative leaf spot images and scoring of Pik mediated cell death as 849 

autofluorescence under UV-light in the presence or absence of AVR-PikD. Cell death 850 

assay scoring represented as dot plots comparing cell death triggered by Pikp-2 and 851 

Pikm-2 when co-expressed with Pikp-1 or Pikm-1. The number of repeats was 60 and 852 

30 for the spots co-infiltrated with mCherry and AVR-PikD, respectively. For each 853 

sample, all the data points are represented as dots with a distinct colour for each of 854 

the three biological replicates; these dots are jittered about the cell death score for 855 

visualisation purposes. The size of the central dot at each cell death value is 856 

proportional to the number of replicates of the sample with that score.  857 
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 858 

Figure 4. Constitutive cell death in mismatched Pik pairs is dependent on P-loop 859 

and MHD motifs. Representative leaf spot images and scoring of Pikm-2 mediated 860 

cell death as autofluorescence under UV-light. Cell death scoring is represented as 861 

dot plots comparing cell death triggered by Pikm-2 mutant in P-loop (Lys217Arg) 862 

and MHD (Asp559Val) motifs and wild-type Pikm-2. Mutants and wild-type 863 

proteins were co-expressed with Pikp-1 and mCherry (red panel) or AVR-PikD 864 

(green panel). The number of repeats was 60 and 30 for the spots co-infiltrated with 865 

mCherry and AVR-PikD, respectively. For each sample, all the data points are 866 

represented as dots with a distinct colour for each of the three biological replicates; 867 

these dots are jittered about the cell death score for visualisation purposes. The size 868 

of the central dot at each cell death value is proportional to the number of replicates 869 

of the sample with that score.  870 
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871 
Figure 5. Polymorphism at position 230 in the NB-ARC domain is a Pik-2 872 

determinant for constitutive cell death. (A) Representative leaf spot images and 873 

scoring of cell death mediated by Pik-2 as autofluorescence under UV-light. (B) Cell 874 

death scoring is represented as dot plots comparing cell death triggered by Pik-2 875 

mutants at polymorphic positions 230. Pik-2 mutants were co-expressed with Pikp-1 876 

(blue dots) or Pikm-1 (yellow dots) together with mCherry (red panel) or AVR-PikD 877 

(green panel). The number of repeats was 60 and 30 for the spots co-infiltrated with 878 

mCherry and AVR-PikD, respectively. For each sample, all the data points are 879 

represented as dots with a distinct colour for each of the three biological replicates; 880 

these dots are jittered about the cell death score for visualisation purposes. The size 881 

of the central dot at each cell death value is proportional to the number of replicates 882 

of the sample with that score. 883 





 47 

purposes. The size of the central dot at each cell death value is proportional to the 895 

number of replicates of the sample with that score.  896 
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936 
Figure 6. (A) Reconstruction of the evolutionary history of Pik-2 polymorphism at 937 

position 230. Maximum likelihood (ML) phylogenetic tree of Pik-2 coding sequences 938 

from cultivated rice and wild rice species. The tree was calculated from a 3,066-nt-939 

long alignment using RAxML v8.2.11 (Stamatakis, 2014), 1000 bootstrap method 940 

(Felsenstein, 1985) and GTRGAMMA substitution model  (Tavaré, 1986). Best-941 

scoring ML tree was manually rooted using the Pik-2 sequence from Leersia perreri as 942 

an outgroup. The bootstrap values above 80 are indicated with orange circles at the 943 

base of respective clades; the support values for the relevant nodes are depicted by 944 

the size of the circle. The scale bar indicates the evolutionary distance based on the 945 

nucleotide substitution rate. The tree was represented using Interactive Tree Of Life 946 

(iTOL) v4 (Letunic and Bork, 2019). The tree shows a set of inferred nucleotides 947 

(states) at the Pik-2 polymorphic position 230 based on their predicted likelihood at 948 

sites 709 to 711 of the sequence alignment. Non-synonymous changes at the codon 949 
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 1022 

Figure 8. Mutations in Pik-2 P-loop and MHD motifs do not affect in planta 1023 

association of Pik-1. Co-immunoprecipitation of Pikm-2 P-loop and MHD mutants 1024 

with full length Pikp-1 and Pikm-1 alleles. C-terminally 6×HA tagged Pikm-2 1025 

mutants in P-loop (Lys217Arg) and MHD (Asp559Val) motifs were transiently co-1026 

expressed with either Pikp-1:6×His3×FLAG or Pikm-1:6×His3×FLAG in N. 1027 

benthamiana. Immunoprecipitates obtained with anti-FLAG antiserum, and total 1028 

protein extracts, were probed with appropriate antisera. Co-expression with C-1029 

terminally tagged 6×HA Pia-2 NLR and wild-type Pikm-2 were included as negative 1030 

and positive control, respectively. Asterisks mark the band corresponding to Pik-1. 1031 

Total protein loading is shown by Ponceau staining (PS).  1032 
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1053 
Figure 9. Pikp-2 supresses constitutive cell death mediated by Pikm-2. (A) 1054 

Representative leaf spot images depicting Pikm-2 mediated cell death in the 1055 

presence of Pikp-1 and increasing concentration of Pikp-2 as autofluorescence under 1056 

UV-light. For each experiment, Pikp-1 and Pikm-2 were co-infiltrated at OD600 0.4 1057 

each. Increasing concentrations of Pikp-2 were added to each experiment (from left 1058 

to right: OD600 0, 0.1, 0.2, 0.3, 0.4 and 0.6).  (B) Scoring of the cell death assay is 1059 

represented as dot plots. A total of three biological replicates with 10 internal repeats 1060 

each were performed for each experiment. For each sample, all the data points are 1061 

represented as dots with a distinct colour for each of the two biological replicates; 1062 

these dots are jittered about the cell death score for visualisation purposes. The size 1063 

of the central dot at each cell death value is proportional to the number of replicates 1064 
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of the sample with that score. (C) Pikp-2 outcompetes Pikm-2 association to Pikp-1. 1065 

Co-immunoprecipitation of Pikm-2 and Pikp-1 in the presence of increasing 1066 

concentrations on Pikp-2. C-terminally V5 tagged Pikm-2 and C-terminally 1067 

6×His3×FLAG tagged Pikp-1 were transiently co-expressed in N. benthamiana 1068 

alongside with increasing concentrations of C-terminally 6×HA tagged Pikp-2 (from 1069 

left to right: 0, 0.1, 0.2, 0.3, 0.4 and 0.6 OD600). Immunoprecipitates obtained with 1070 

anti-FLAG antiserum, and total protein extracts, were probed with appropriate 1071 

antisera. Asterisks mark the band corresponding to Pikp-1. Total protein loading is 1072 

shown by Ponceau staining (PS).  1073 
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each. Increasing concentrations of Pikm-2 were added to each experiment (from left 1080 

to right: OD600 0, 0.1, 0.2, 0.3, 0.4 and 0.6). A total of three biological replicates with 10 1081 

internal repeats each were performed for each experiment. For each sample, all the 1082 

data points are represented as dots with a distinct colour for each of the three 1083 

biological replicates; these dots are jittered about the cell death score for 1084 

visualisation purposes. The size of the central dot at each cell death value is 1085 

proportional to the number of replicates of the sample with that score.  1086 
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1087 
Figure 10. Wild-type Pikp-2 supresses constitutive cell death mediated by Pikp-2 1088 

Asp230Glu mutant. (A) Representative leaf spot images depicting Pikp-2 Asp230Glu 1089 

mediated cell death in the presence of Pikp-1 and increasing concentration of Pikp-2. 1090 

For each experiment, Pikp-1 and Pikp-2 Asp230Glu were co-infiltrated at OD600 0.4 1091 

each. Increasing concentrations of Pikp-2 were added to each experiment (from left 1092 

to right: OD600 0, 0.1, 0.2, 0.3, 0.4 and 0.6). (B) Scoring of the cell death mediated by 1093 

Pikp-2 Asp230Glu in the presence of Pikp-1 and increasing concentration of Pikp-2 1094 

assay represented as dot plots. For each experiment, Pikp-1 and Pikp-2 Asp230Glu 1095 

were co-infiltrated at OD600 0.4 each. Increased concentration of Pikp-2 was added to 1096 

each experiment (from left to right: OD600 0, 0.1, 0.2, 0.3, 0.4 and 0.6). A total of three 1097 

biological replicates with 10 internal repeats each were performed for each 1098 
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experiment. For each sample, all the data points are represented as dots with a 1099 

distinct colour for each of the three biological replicates; these dots are jittered about 1100 

the cell death score for visualisation purposes. The size of the central dot at each cell 1101 

death value is proportional to the number of replicates of the sample with that score.  1102 
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1103 
Figure 11. Suppression of constitutive cell death mediated by Pikp-2 Asp230Glu 1104 

requires an active Pikp-2. Representative leaf spot images depicting Pikp-2 1105 

Asp230Glu mediated cell death in the presence of Pikp-1 and increasing 1106 

concentration of Pikp-2. For each experiment, Pikp-1 and Pikp-2 Asp230Glu were co-1107 

infiltrated at OD600 0.4 each. Increasing concentrations of (A) Pikp-2 Lys217Arg or 1108 

(B) Pikp-2 Asp559Val were added to each experiment (from left to right: OD600 0, 0.1, 1109 
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0.2, 0.3, 0.4 and 0.6). Scoring of the cell death mediated by Pikp-2 Asp230Glu in the 1110 

presence of Pikp-1 and increasing concentration of (C) Pikp-2 Lys217Arg or (D) 1111 

Pikp-2 Asp559Val represented as dot plots. For each experiment, Pikp-1 and Pikp-2 1112 

Asp230Glu were co-infiltrated at OD600 0.4 each. Increased concentration of Pikp-2 1113 

mutants were added to each experiment (from left to right: OD600 0, 0.1, 0.2, 0.3, 0.4 1114 

and 0.6). A total of four biological replicates with 10 internal repeats each were 1115 

performed for each experiment. For each sample, all the data points are represented 1116 

as dots with a distinct colour for each of the four biological replicates; these dots are 1117 

jittered about the cell death score for visualisation purposes. The size of the central 1118 

dot at each cell death value is proportional to the number of replicates of the sample 1119 

with that score.  1120 



 69 

1121 
Figure 12. Schematic representation of the proposed evolutionary model of the Pik 1122 

pairing. Pikp (coloured in ice blue) and Pikm (coloured in gold), have evolved and 1123 

specialized from an ancestral NLR pair (coloured in grey), functionally diversifying 1124 

and gaining recognition to a different subset of allelic AVR-Pik effectors. Residues at 1125 

Pik-2 polymorphic position 230 are indicated and mutations predicted to have 1126 

occurred during this transition are indicated in red. As a consequence of 1127 

diversification, mismatch of Pikp and Pikm impairs immune responses and leads to 1128 

NLR autoactivation and constitutive cell death in N. benthamiana.  1129 
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