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Summary

Plant resistance genes (R-genes) harbor tremendous allelic diversity, constituting a robust immune 

system effective against microbial pathogens. Nevertheless, few functional R-genes have been 

identified for even the best-studied pathosystems. Does this limited repertoire reflect specificity, 

with most R-genes having been defeated by former pests, or do plants harbor a rich diversity of 

functional R-genes whose composite behavior is yet to be characterized? Here, we survey 332 

NBS-LRR genes cloned from 5 resistant rice cultivars for their ability to confer recognition of 12 

rice blast isolates when transformed into susceptible cultivars. Our survey reveals that 48.5% of 

the 132 NBS-LRR loci tested contain functional rice blast R-genes, with most R-genes deriving 

from multi-copy clades containing especially diversified loci. Each R-gene recognized, on 

average, 2.42 of the 12 isolates screened. The abundant R-genes identified in resistant genomes 

provide extraordinary redundancy in the ability of host genotypes to recognize particular isolates. 

If the same is true for other pathogens, many extant NBS-LRR genes retain functionality. Our 

success at identifying rice blast R-genes also validates a highly efficient cloning and screening 

strategy.
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Introduction

In the last two decades, great progress has been made in understanding plant resistance to 

pathogens at the molecular level (Yue et al., 2012; Michelmore et al., 2013; Yang et al., 

2015) . We now know that plants harbor a large number of candidate resistance genes, most 

of which are nucleotide-binding site-leucine-rich repeat (NBS-LRR) genes. When the protein 

encoded by an NBS-LRR recognizes a pathogen effector, either directly or indirectly, a 

defense response is initiated. The pairwise associations between these R-genes and 

avirulence (Avr) effectors is termed gene-for-gene resistance (Flor, 1971). Plant NBS-LRR 

genes are highly diversified within and between individual plants (Yang et al., 2006), and 

thus the gene-for-gene system has the potential to confer resistance to a great diversity of 

pathogens .

The specificity implied by the gene-for-gene system suggests that plant-pathogen 

coevolution should be evolutionarily dynamic. Indeed, resistance bred into agricultural crops 

is typically overcome in ecological time. Nevertheless, there are some celebrated instances 

of durable resistance in which major R-genes (or monogenic R-genes) confer stable 

resistance to specific races of a pathogen (Michelmore et al., 2013). For example, pepper's 

durable resistance to Xanthomonas vesicatoria is conferred by the major R-gene Bs2 (Tai et 

al., 1999), presumably because deletion of AvrBs2 in the pathogen imposes a substantial 

fitness penalty(Wichmann and Bergelson, 2004). In other cases, the pyramiding of R-genes 

has been shown to enhance the effectiveness of resistance (Houterman et al., 2008). 

Pyramiding should be especially effective when particular R-genes are able to recognize 

multiple effectors (Kvitko et al., 2009; Mukhtar et al., 2011) and/or multiple pathogen 

isolates (Cesari et al., 2013; Mach, 2013). There is a growing perception that a multiple 

genes-for-genes model is more appropriate for understanding plant-pathogen interaction 

(Cook et al., 2012; Lozano-Torres et al., 2012) due to the importance of functional 

redundancy. However, in most instances, it is unclear whether durable resistance results 

from single R-genes like Bs2 (Wichmann et al., 2005) or multiple, functional R-genes 

(Spielmeyer et al., 2013). This information is crucial for developing strategies to promote 

durable resistance in agriculture.

Determining the genetic basis of durable resistance requires analysis of pathogenicity 

phenotypes in response to a large number of R-genes in the genome. Recently, a high 

throughput method of R-gene identification (Yang et al., 2013) enables the cloning of many 

R-genes. This technique contains three essential components: cloning candidate genes, 

transferring cloned genes into susceptible lines, and confirming the resistance of the 

transgenic lines through infection with pathogen isolates. The data thus generated allows 

assessment of the specificity of particular R–genes and the extent of functional redundancy 

in recognizing a pathogen.
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Here, we complete a genome-wide survey of the ability of R-genes in rice to recognize rice 

blast, the fungus Magnaporthe oryzae. The rice-Magnaporthe interaction is perhaps the 

best-studied pathosystem to date (Liu et al., 2010; Huang et al., 2014). There are about 480 

NBS-LRR genes in a single rice genome and thousands of variants among populations (Yang 

et al., 2006). Twenty-seven blast R-genes from 11 NBS-LRR loci are known to be effective 

against isolates of the rice blast disease (Liu et al., 2007; Yang et al., 2013). Historical 

records also indicate cultivars with effective resistance. In particular, there are two cultivars, 

Tetep (TTP) and Gumei 2 (GM2), that are well-known to be highly and durably resistant 

resources to M. oryzae (Ou and Jennings, 1969; Peng et al., 1996). In addition, a moderately 

resistant indica variety, Tadukan (Kitamura, 1954), a newly bred cultivar Q2436 (Q), and a 

widely used cultivar called Minghui 63 (MH63) show strong resistance (Lin and Min, 1991). 

We cloned 332 NBS-LRR genes from five resistant cultivars and confirmed via infection 

with 12 diverse isolates of M. oryzae that 98 of them are functional rice blast R-genes. These 

NBS-LRR genes provide redundancy in highly resistant cultivars to recognize each of the 

isolates. Functional R-genes tend to be located at the loci with high allelic diversity and 

within multi-copy gene clades. About 15% of the 98 R-genes identified recognize five or 

more highly diverse isolates of rice blast, and thus provide broad-spectrum resistance.

Results

Cloning candidate NBS-LRR genes

To obtain a representative sample of genes, we categorized all NBS-LRR genes in the rice 

genome based on their genomic and evolutionary features. We then randomly sampled genes 

proportionately within each category as candidates for cloning. Copy number variation and 

allelic diversity are often used to characterize the NBS-LRR genes as conserved or rapidly-

evolving (Stahl et al., 1999; Bergelson et al., 2001; Bakker et al., 2006; Yang et al., 2006; Si 

et al., 2015). A phylogenetic tree of 937 NBS-LRR genes from two cultivars of Oryza sativa, 

Nipponbare and 9311, was used to provide this information (Yang et al., 2006). In this tree, 

independent branches were determined by relatively high bootstrap values (>70% in Figure 

S1) with the branches adjacent to the root denoted as clades (Figure S2 for details). We only 

considered those clades containing genes from Nipponbare, which is the most complete of 

the genome sequences. In total, there are 96 single-copy and 115 multi-copy NBS-LRR 

clades, where we define a multi-copy clade as one containing two or more genes from one 

genome (Figure S1). For cloning candidate R-genes, we randomly selected half of the 

clades, 48 that are single-copy and 65 that are multi-copy.

To clone genes, multiple primer pairs were designed for long PCRs in five rice cultivars 

with varying degrees of resistance to rice blast (Table S1-S2). Due to the difficulty of long 

PCRs and presence/absence polymorphisms among cultivars, a total of only 332 NBS-LRR 

candidates (Table S3) were successfully cloned and sequenced (Figure 1a). Our candidates 

derived from 132 loci (definition in Experimental Procedures) of 56 multi-copy and 39 

single-copy clades (Figure S1), in which three clades (Rp1/Pi37, AC134922 and Rp3/Pc 

clades) were known previously to contain functional rice blast R-genes (Yang et al., 2013). 

In most cases, we cloned the native promoter and terminator along with the candidate R 

gene although in 6% of cases we used these elements from Pi9 (details in Table S3).
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Identification of functional blast R-genes

The evaluation of resistance requires transforming cloned candidate genes into at least one 

susceptible line for screening the response to infection by pathogen isolates. We selected 

two susceptible japonica cultivars (S-cultivars), TP309 and Shin2, as transgenic recipients 

(Table S1). Twelve rice blast isolates from 85 isolates collected in rice fields throughout 

China were chosen based on their ability to produce large numbers of spores and to span the 

geographical range of the pathogen (Table S4). Subsequent analysis at 11 loci, including six 

Avr genes, confirmed that each isolate is distinct (see the phylogenetic tree in Figure S3).

The transformation of these candidates into two S-cultivars resulted in 456 lines with enough 

T1 or T2 generation seeds to allow screening of the ability to recognize blast isolates. Each 

recognition assay included two S-cultivars (TP309 and Shin2), two R-cultivars (TTP and 

GM2), and 28 transgenic lines (>10 plants per line or control), all grown together in a plate 

until they had four to five true leaves, at which point they were subjected to a standard 

procedure of infection (Bonman et al., 1986) using each of nine blast isolates (selected from 

the 12 cultured isolates based on availability of spores on that test date). Seven days later, 

each transgenic line was scored as either resistant (R) or susceptible (S) based on a visual 

comparison to the R- and S-controls (see Experimental Procedures for details). Entire plates 

were replicated three times; for a transgenic line to be designated as R, all three replicates 

must have shown an R-phenotype. Resistance was further confirmed with a second round of 

infection using the same isolate, again with three replicates and with negative transgenic 

controls (transgenic lines containing an empty plasmid). For these confirmations, we 

additionally included in each plate the S-host genotype transformed with the well-known 

blast R-genes Pi9 and Pi37 (Qu et al., 2006; Lin et al., 2007). In total, 98 (29.5%) R-genes 

(Figure 1a-b) from 64 loci were identified as resistant to one or more blast isolates. In our 

experiment, these R-genes were presented in 122 (26.8%) R-lines (pooling across S 

backgrounds), including 11 R-lines reported recently (Yang et al., 2013) (Table S5). As 

expected, 11 pseudogenes, identified by sequencing the 332 cloned candidates, were 

susceptible to all isolates (Table S5).

We confirmed that the resistance identified from transgenic rice lines was not due to the 

autoimmunity of NBS-LRR gene transformation. In this scenario, resistant lines would not be 

responsive against only rice blast. We infected three-week-old seedlings of 11 broad-

spectrum resistant lines with two Xanthamonas oryzae pv. Oryzae (Xoo) races (Table S6). 

Compared with the phenotypes of both resistant (DV85) and susceptible controls (Shin 2 

and TP309) (Sun et al., 2004) in the same experiment, all the 11 broad-spectrum resistant 

lines were susceptible to Xoo, as were the transgenic recipients, TP309 and Shin2, indicating 

that the identified functional NBS-LRRs are not due to auto-activation.

To test the relevance of our resistance score to resistance under field conditions, panicle 

blast resistance was tested in a subset of 18 transgenic lines in a paddy field in Nanjing 

China (Table S7). The field experiments confirmed that the eight out of nine R-lines as 

determined in our controlled conditions were also resistant to panicle blast disease in the 

field. All nine S-lines sampled were susceptible to both leaf and panicle blast infection.
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Distribution of R-genes in genomes

Our survey revealed three patterns. First, a greater proportion of NBS-LRR genes conferred 

the ability to recognize rice blast when they derived from the most broadly resistant cultivars 

as based on both published observations (Ou and Jennings, 1969; Peng et al., 1996) and our 

screen of rice blast isolates (Table S8). In particular, 38.9% of R-genes cloned from TTP and 

GM2, the well-known durably resistant cultivars (Ou and Jennings, 1969; Peng et al., 1996), 

encoded an ability to recognize one or more of the 12 isolates whereas only ~20.0% of the 

other three cultivars did so (χ2 = 7.1, df=1 for a 2 by 2 table, P = 0.008; Figure 2a). Second, 

functional R-genes are distributed broadly across the genealogy of NBS-LRR genes (Figure 

1a) with representatives conferring recognition of rice blast present in 39 out of 95 clades 

containing cloned genes (Figure S1). The broad distribution of functionally important R-

genes suggests that most, if not all, clades have the potential to contribute genes with the 

ability to recognize pathogen effectors. Third, an analysis of the 25 multi-clades with ≥5 

cloned genes (see Table S9 for significance test) revealed a significant clustering of 

functionally important R-genes. This clustered pattern suggests that closely related NBS-LRR 

genes have a tendency to recognize the same pathogen.

Abundant functional R-genes occur in multi-gene clades and at diversified loci

We observed redundancy for the ability to recognize each of 12 isolates. Between three and 

17 of the 92 NBS-LRR genes cloned from TTP confer resistance to each of the isolates used 

in this study (Table S5). The R-genes capable of recognizing each isolate are located in at 

least two independent loci (on different chromosomes), revealing great redundancy in this 

highly resistant variety. Redundancy was also observed in the two cultivars GM2 and Q2436 

with respect to their ability to recognize nine of the 12 isolates, although fewer candidate 

genes were cloned from these cultivars (Figure 2a).

This redundancy resides largely in multi-copy clades, which are well known to have higher 

copy number variation, higher polymorphism and higher Ka/Ks ratios relative to single R-

genes (Michelmore and Meyers, 1998; Bergelson et al., 2001; Kuang et al., 2004; Yang et 

al., 2006). These multi-copy clades contribute functional R-genes disproportionately: 55.4% 

of NBS-LRR genes that we screened from multi-copy clades conferred resistance whereas 

only 20.5% of NBS-LRR genes from single-copy clades did so (Figure 2b; χ2 =10.14, df=1 

for a 2 by 2 table, P =0.001). Furthermore, we observed a positive correlation between 

allelic nucleotide diversity at a locus and the proportion of functional blast R-alleles at this 

locus (P<0.001; Figure 2c). The 20% most highly diversified loci in Figure 2c have three-

fold more R-genes identified than the 20% with the lowest level of allelic diversity. These 

features of diversified loci likely enhance the potential to deal with rapidly evolving 

pathogens such as rice blast (McDonald and Linde, 2002; Valent and Khang, 2010; Chuma 

et al., 2011; Cook et al., 2012).

Recognition rate of pathogen isolates by R-genes

Pathogen isolates varied in the proportion of screenings (2.8% - 13.7%; Figure 3a) that led 

to recognition (defined here as recognition rate, RR), with an average RR of 8.1%. In other 

words, roughly 8% of NBS-LRR genes could recognize each pathogen isolate. Consistent 

with this average, a blind and independent screening of a novel isolate on 110 of our 
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transgenic lines resulted in eight functional R-genes (7.3%), including two new ones (Table 

S10). We found that 15 R-genes provided broadly effective resistance, leading to the ability 

to recognize five or more isolates (Figure 3b; Table S5 & 11). One of these R-genes 

conferred resistance to all of the isolates screened (Os12g36730-TTP). Interestingly, 11 of 

the 15 broadly effective R-genes derive from the most durably resistant varieties, TTP and 

GM2, and all 15 are from multi-copy clades (Table S11). Notably, none of the previously 

identified 27 R-genes (Liu et al., 2010; Yang et al., 2013) fall into clades with broadly 

effective R-genes, indicating that our systematic cloning could guide discovery of broad-

spectrum R-genes in highly resistant cultivars for plant breeding.

The reliability of our identification of R-genes was tested with segregation analysis. The 

ratio of resistant to susceptible individuals in progeny segregating from the T0 plants should 

be 3:1 for single insertions and >3:1 for multiple insertions. Infection records of individual 

plants revealed that segregation ratios did not differ significantly from 3:1 (Chi-square test, 

P > 0.1; Table S12) in the majority of R-lines, including all the 15 broadly effective R-gene 

lines.

Expression of cloned genes in transgenic lines

The two japonica S-cultivars used as recipients of transformed R-genes yielded quite 

consistent results. Of the 332 R-candidate genes that we screened, 124 were successfully 

transferred into both S-cultivars and screened by the same pathogen strains. Ninety-eight of 

these 124 NBS-LRR genes gave consistent results in the two backgrounds (24 R and 74 S), 

suggesting the general reliability of identifying functionally resistant alleles despite variation 

in genetic backgrounds and insertion sites. In the remaining 21% of comparisons, 

differences in resistance phenotype could result from either epistatic interactions or 

differences in the expression level of the transgene.

To explore the possibility that differences in the resistance phenotypes were due to 

differences in expression across the two S- cultivars, we directly measured expression levels 

of our transgenes. Three sets of comparisons were carried out: between transgenes and an 

endogenous gene (the Actin, Ubiquitin and G3DPH genes as controls) (Hayashi and 

Yoshida, 2009), between transgenic lines and donor plants, and between lines before and 

after pathogen inoculation (Figure 4a-c, respectively). These expression experiments showed 

that: (i) the expression levels of transgenic NBS-LRR genes are much lower than their 

endogenous controls, with no significant difference between R- and S-lines (Figure 4a), 

which is consistent with previous reports that, NBS-LRR genes are typically expressed at low 

levels relative to endogenous controls (Hulbert et al., 2001); (ii) the expression levels of 

NBS-LRR genes in transgenic individuals are similar to that in the donor cultivar (Figure 

4b); and (iii) the expression levels of NBS-LRR genes in transgenic individuals with 

pathogen inoculation are still low but higher than in those without infection (Figure 4c), 

consistent with previously reported results (Levy et al., 2004).

R-genes with moderate resistance

In addition to the functional R-genes discussed above, we discovered a considerable 

percentage of R-genes with moderate resistance (M-phenotype, as defined in Experimental 

Zhang et al. Page 6

Plant J. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Procedures). These lines demonstrated weak and less consistent resistance. On average, 30 

R-genes showed moderate resistance to a particular isolate; this is almost equivalent to the 

32 R-genes that provided consistent resistance to single isolates (Figure 3b). All but one of 

the moderately resistant R-genes was found in a clade with R-genes providing consistent 

resistance (marked by green in Figure 1a and Figure S4). Moderate resistance may reflect a 

beneficial co-evolution between host and pathogen in which host damage is reduced due to 

limited pathogen growth, but pathogens survive. Indeed, moderate resistance is a practical 

goal for resistance breeding in crops. The prevalence of moderately resistant R-genes in our 

experiments suggests that our estimate of the number of R-genes is conservative.

Discussion

Our results demonstrate that a large number of R-loci conferring resistance to rice blast are 

retained in durable cultivars. On average, 41% of the clades (up to 86 out of 211 clades) or 

48.5% of the loci (up to 208 in a total of 430 Nipponbare loci) in a rice genome contribute to 

rice blast resistance, revealing a highly redundant surveillance system. Indeed, 42.4% of R-

gene candidates cloned from TTP were confirmed to be functional, providing insight into 

the 40 year durability of this well-known resistant germplasm (Ou and Jennings, 1969). In 

contrast, the two susceptible japonica cultivars that served as transgenic recipients have no 

resistance to any of the screened isolates in any of our hundreds of experimental trials, 

although they revealed a range of resistance phenotypes when transformed with indica 

resistance genes, suggesting that the R-genes identified in our study are highly reliable. Four 

of the 65 cloned candidate genes from GM2 (Os06g15730, Os06g17880, Os06g17950 and 

Os06g22460) are located on the rice blast resistance QTL loci identified by (Wu et al., 

2005), and all four showed moderate to full resistance. The colocalization of our cloned R-

genes with these resistance QTL (Wu et al., 2005) also suggests reliability.

Our rapid identification of 98 R-genes capable of recognizing rice blast demonstrates that 

systematical cloning is a feasible and efficient method to identify un-reported and broadly 

effective R-genes. For example, despite their rarity, our study identified 15 broadly effective 

resistant genes. These R-genes, alone or in combination, may be especially effective in 

production. To further improve efficiency, the distribution of R-genes can be used to guide 

the selection of candidate genes by focusing on blast R-genes in multi-gene clades, because 

these clades contain highly diverse loci with a higher proportion of functional R-genes. Our 

methods should thus be useful in the search for resistance to a variety of economically and 

ecologically important diseases, like potato late blight and wheat rust.

Impressively, there is tremendous variation among R-genes in the breadth of rice blast 

resistance that they encode. While ~15% of R-genes conferred broad resistance to recognize 

five or more isolates, most of them recognized only 1-3 isolates. The reason for this 

variation is unknown, but may simply be a function of the prevalence of corresponding Avr 

genes. Interestingly, the well-known rice blast genes, Pi9 and Pi37, conferred recognition of 

only two to three of the isolates. These R-genes are thus not broadly resistant (Figure 3b), 

perhaps explaining their failure to provide durable resistance in agronomic production. It is 

also interesting that all blast R-genes cloned from maize, sorghum, and brachypodium (Yang 

et al., 2013) provided a narrow spectrum of resistance (recognizing 1-3 isolates) when 
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transferred into rice, suggesting the rarity of broadly resistant genes in rice relatives. In 

contrast, our study identified 15 broadly effective resistant genes in a total of 98 R-genes. 

These R-genes, alone or in combination, could be especially effective in production.

Our genome-wide survey of rice blast R-genes revealed a highly redundant surveillance 

system for recognizing this rapidly-evolving pathogen. It is tempting to speculate that this 

pattern reflects a co-evolutionary dynamic particular to rapidly evolving pathogens such as 

rice blast, and that more conserved R-genes may provide protection against endemic and/or 

generalist pathogens. Another interesting possibility is that the common proteins or 

pathways shared by some R-genes contribute to the redundancy we observed (Innes, 1998; 

Gassmann and Bhattacharjee, 2012). For example, the resistance genes RPM1, RPS2, and 

RPS5 in Arabidopsis share the NDR1 pathway for conferring resistance. While an 

interesting possibility, our experiments cannot address this hypothesis. Our results (Figure 

2b-c) show that most of NBS-LRR genes in single-gene clades or at the loci with low 

diversity do not confer resistance to blast disease. This tendency suggests a parallel co-

evolution between NBS-LRR genes and their corresponding pathogen effectors: quickly-

evolving or diversified loci in hosts may match quickly-evolving or diversified loci in 

pathogens. Systematic cloning of many R-genes in disparate systems could provide a means 

of augmenting the set of functional R-genes that guide our understanding of mechanisms and 

patterns of resistance variation across systems.

Experimental Procedures

Donor cultivars

Five indica cultivars served as donors for cloning of NBS-LRR genes. Two of these cultivars, 

Tetep and Gumei 2, are well-known to be highly and durably resistant against M. oryzae (Ou 

and Jennings, 1969; Peng et al., 1996). The other three include the moderately resistant 

Tadukan, often used as a parent in the 1960s, the newly bred cultivar Q2436, and Minghui 

63, the cultivar most widely used in China in the 1980s and early 1990s.

Gene cloning and transformation

Seeds of rice accessions were obtained from various resources (Table S1). Genomic DNA 

was extracted from fresh leaves using the CTAB method. The genes for cloning were 

attributed Nipponbare accession numbers because Nipponbare is the only cultivar with 

complete sequences available. Multiple primer pairs were designed based on the Nipponbare 

sequence and relatively conserved primer sequences were selected based on a comparison to 

the 9311 genome (Table S2). The products of long-range PCRs, generally including the 

native promoter and terminator, were inserted into the binary vector pCAMBIAI3000. Due 

to the difficulty of PCRs for some clades, a vector, containing a promoter and terminator 

from the blast R-gene Pi9, was constructed to clone their coding sequences (Table S3). All 

clones, validated by sequencing, were transferred into blast-susceptible japonica cultivars by 

Agrobacterium strain EHA105. Transgenic lines (T0) expressing 332 NBS-LRR genes in one 

or two S-cultivar backgrounds (for a total of 456 plant lines, including 26 lines from 3 multi-

copy clades described in (Yang et al., 2013)) were grown to obtain sufficient seeds (T1 or 

T2). For each transgenic line, 4-12 independently transformed plants were collected for 
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infection assays. For each transgenic T0 plant, the presence of the transgenic DNA 

fragments was confirmed with PCR. Sequences for all cloned genes have been deposited in 

the GenBank under accession number of KP401593 to KP401756.

Infection Assays using rice blast strains

Rice blast strains were collected from different areas of China in 2008-2009 (Table S4). T1-

T2 plants were used to evaluate blast resistance (Hayashi et al., 2004). For the test of leaf 

blast resistance, three-week-old seedlings were inoculated by spraying a blast spore 

suspension on their leaves (5×105 spores/ml) and were then placed in a dew inoculation 

incubator at 26°C and 100% humidity in the dark for 24h. The plants were then transferred 

to a greenhouse with a 12/12h light/dark photoperiod at 90% relative humidity for 6-7 days 

until the disease spots could be seen clearly on the leaves. The disease reaction was scored 

according to the description of Bonman et al. (Bonman et al., 1986), in which six grades 

(0-5) were defined. In Bonman's work, scores of 0-3 were considered resistant reactions and 

scores of 4 - 5 were considered susceptible reactions. To obtain robust results, we applied 

more stringent criteria: scores of the resistant controls (TTP and GM2) were required to be 0 

(no evidence of infection) or 1 (brown specks smaller than 0.5 mm in diameter and no 

sporulation), whereas the scores of the susceptible controls (the transformation recipient 

cultivars of SH2 and TP309) were required to be 4 (typical spindle-shaped blast lesions 

capable of sporulation, 3 mm or longer with necrotic gray centers and water-soaked or 

reddish brown margins, little or no coalescence of lesions) or 5 (lesions as in 4 but about 

half of one or two leaf blades killed by coalescence of lesions) in every screening; each 

transgenic line was screened with three replicates using the same isolate and only these lines 

with consistent scores of 0 or 1 were defined as R (resistance) lines, 2 or 3 were defined as 

M-phenotype (moderate resistance), 4 or 5 were defined as S (susceptibility) (Figure S5). 

The resistant candidate was further confirmed with a second round of infection using the 

same isolate, again with three replicates. Thus our R-lines have strong resistance and a 

consistently repeatable R-phenotype whereas our M-lines demonstrated weaker and less 

consistent resistance.

RNA Extraction and qRT-PCR Analysis

The total RNA was isolated from leaves using the RNAiso Plus (Takara) according to the 

manufacturer's instructions. First-strand cDNA synthesis was carried out using a 

PrimeScript 1st Strand cDNA Synthesis Kit (Takara) according to the manufacturer's 

instructions. Real-time qPCR was carried out using a CFX96 (BioRad) real-time PCR 

system. Gene-specific primers were designed using Oligo 6 software. All quantitative 

reverse transcription-PCR was carried out in triplicate. PCR was performed using the 

following cycling parameters: 95 °C for 2 min, and 40 cycles of 95 °C for 15s and 60 °C for 

30s. Gene expression was quantified using the ΔΔCT method in comparison with the 

endogenous gene controls of Actin, Ubiquitin and G3DPH.

Fold change of gene expression was used to show the relative level of R-gene expression 

divided by the internal gene (Actin, Ubiquitin and G3DPH gene), the same R-gene in donor 

plant or the same transgenic plant before inoculation, respectively in Figures 4a-c. Six R-

lines and two S-lines were measured in Figure 4a. Six R-genes from TTP or GM2 in 
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transgenic lines were compared with these genes in TTP or GM2 (Figure 4b). The isolate 

JS2 was used to inoculate the transgenic plants. The leaves after 48 hours inoculation were 

sampled to compare with these samples before inoculation (Figure 4c).

Statistical Analysis

Chi-square tests were used to detect the difference in R-genes between TTP and GM2 

combined versus the other 3 cultivars, or between single- and multi-copy clades (df=1). To 

detect the significance of an uneven distribution in different clades, the 25 clades with ≥5 

cloned genes in Figure S1 were considered. The observed number of R-genes in each clade 

was tested against the expected as generated by simulating their random distribution among 

clades, repeated 10,000 times (details in Table S8).

To calculate allelic diversity between Nipponbare and 9311, each Nipponbare gene was 

denoted as a locus to compare with a 9311 allele. However, when two or more Nipponbare 

genes co-occurred within a branch at the last layer, the one most similar to an allele from 

9311 was used to calculate allelic diversity for this locus (Figure S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

Resistance genes (R-genes) provide protection against pathogens, but relatively few have 

been characterized. Here we surveyed the rice genome and identified 98 R-genes capable 

of recognizing one or more isolates of rice blast, nearly twice the number previously 

identified against any pathogen. These results provide the most comprehensive picture to 

date of the architecture of resistance and overturn the perception that most R-genes in 

genomes are relics that have been overcome by pathogens.
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Figure 1. Geneaology of 332 cloned NBS-LRR genes from five resistant cultivars (a) and 
examples of phenotypes to rice blast disease (b)
Functionally resistant R-genes are indicated in red, and R-genes that confer moderate 

resistance are indicated in green. A gene that conferred resistance in one susceptible 

background but moderate resistance in the other is indicated in red. Other NBS-LRR genes 

do not confer an ability to recognize rice blast; these include 11 pseudogenes. The two 

leftmost examples in (b) are susceptible cultivars that served as controls. The gene 

genealogy was constructed using the bootstrap NJ method with p-distance model by MEGA 

v5.02.
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Figure 2. General patterns of R-gene distributions
The numbers (percentages) of functionally resistant and susceptible R- genes from (a) five 

R-cultivars, (b) from multi-copy and single-copy clades and (c) from groups with different 

levels of allelic diversities. Allelic diversities were calculated for each of 129 cloned loci 

(excluding three loci that have no 9311 allele). Alleles are the least divergent genes from 

Nipponbare and 9311 at the same locus. Loci were sorted into five groups (each with 26 loci 

except the group on the right which is based on 25 loci) based on their levels of allelic 

diversity.
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Figure 3. The relationship between isolates and cloned genes
The distribution of recognition rate (RR) for each of 12 isolates by (a) 122 R-lines identified 

and (b) all 456 transgenic lines screened against the 12 isolates.
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Figure 4. Comparison of gene expression levels in transgenic lines (a), between transgenic lines 
and donor plants (b), and between the lines after and before pathogen inoculation (c)
R1a, Os06g06390-TTP-SH; R1b, Os06g06390-TTP-TP; R2, Os12g36730-TTP-SH; R3, 

Os11g35210-TTP-SH; R4, Os08g01580-GM2-TP; R5, Os06g15750-TTP-SH; R6, 

08g15880-GM2-SH; S1, 02g27540-TTP-SH; S2, Os12g29170-TTP-SH. Those lines were 

named as genome position-donor variety-transgenic recipient.
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