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Tetep is a rice cultivar known for broad-spectrum resistance to
blast, a devastating fungal disease. The molecular basis for its
broad-spectrum resistance is still poorly understood. Is it because
Tetep has many more NLR genes than other cultivars? Or does
Tetep possess multiple major NLR genes that can individually con-
fer broad-spectrum resistance to blast? Moreover, are there many
interacting NLR pairs in the Tetep genome? We sequenced its ge-
nome, obtained a high-quality assembly, and annotated 455
nucleotide-binding site leucine-rich repeat (NLR) genes. We cloned
and tested 219 NLR genes as transgenes in 2 susceptible cultivars
using 5 to 12 diversified pathogen strains; in many cases, fewer
than 12 strains were successfully cultured for testing. Ninety
cloned NLRs showed resistance to 1 or more pathogen strains
and each strain was recognized by multiple NLRs. However, few
NLRs showed resistance to >6 strains, so multiple NLRs are appar-
ently required for Tetep’s broad-spectrum resistance to blast. This
was further supported by the pedigree analyses, which suggested
a correlation between resistance and the number of Tetep-derived
NLRs. In developing a method to identify NLR pairs each of which
functions as a unit, we found that >20% of the NLRs in the Tetep
and 3 other rice genomes are paired. Finally, we designed an ex-
tensive set of molecular markers for rapidly introducing clustered
and paired NLRs in the Tetep genome for breeding new resistant
cultivars. This study increased our understanding of the genetic
basis of broad-spectrum blast resistance in rice.
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Tetep is a rice cultivar known for its broad-spectrum (i.e.,
conferring resistance to multiple and diverse blast pathogens)
and durable (i.e., long lasting) resistance to blast, a devastating
rice disease caused by the fungus Magnaporthe oryzae (1, 2).
Currently Tetep is known to be susceptible to very few blast
pathogens (1, 3). Resistance to blast is usually mediated by dis-
ease resistance genes (R genes), most of which are NLR
(nucleotide-binding site leucine-rich repeat) genes (2), which
either directly or indirectly recognize pathogen effector proteins
and initiate a defense response (4). To date, over 100 blast R
genes have been identified (5), but this number is likely an un-
derestimate as some R genes with no strong effect might not
have been identified. Although it is possible that instead of NLRs
some physical/biochemical factors are responsible for the Tetep
resistance, the many famous R genes that have already been
cloned from Tetep (6) indicate that this rice variety is a useful
target for resistance study. Although a number of NLR-type re-
sistance genes have been cloned from Tetep or other cultivars,
few of them conferred broad-spectrum resistance (7). Indeed,
none of the cultivars derived from breeding programs using
Tetep as the resistance donor could maintain durable resistance.
This observation implies that many NLR genes are involved in
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the defense network of Tetep. So, does Tetep show broad and
durable resistance to blast because it has many more NLR genes
in its genome compared to other cultivars? Or are there multiple
major NLR genes in Tetep that can individually confer broad-
spectrum resistance to blast?

Another interesting question is whether NLR genes frequently
interact with each other. In particular, how many of the NLR
genes in the Tetep genome form interacting pairs? In an NLR
pair, 1 gene (known as the helper) activates the defense signaling
upon sensing the presence of a blast pathogen, while the other
(known as the sensor) recognizes pathogen effectors and acts as
an inhibitor on the helper to prevent autoimmunity in the ab-
sence of the pathogen (8). As many known NLR pairs confer
strong blast resistance (8, 9), it is interesting to find if the Tetep
genome carries many NLR pairs.

Significance

Rice resistance against blast, a devastating fungal disease, is
typically mediated by nucleotide-binding site leucine-rich re-
peat (NLR) proteins. Most previous studies focused on indi-
vidual NLR genes, but single R genes typically confer no
durable resistance owing to their narrow resistance spectrum.
In this study, we sequenced the genome of Tetep, a widely
used resistance donor, to decipher the molecular basis of its
broad-spectrum and durable blast resistance. Large-scale clon-
ing and functional analysis of annotated NLRs uncovered a
large number of functional NLR genes and interactive NLR
networks in the genome. Moreover, pedigree tracing of elite
cultivars indicated the more NLRs inherited from Tetep the
better resistance of the cultivar. Various datasets were pro-
vided for facilitating breeding for new resistant cultivars.
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To answer these questions, we first obtained a high-quality
assembly of the Tetep genome using PacBio RS II and Illumina
sequencing. Second, we identified the NLR genes in the Tetep
genome and compared them to those in Nipponbare, MH63 and
R498, 3 well-annotated rice cultivars, to see whether there is an
excess of NLR genes in Tetep (10). Third, we conducted a large-
scale cloning, transformation, and functional study of Tetep
NLRs in 2 susceptible rice cultivars to identify Tetep NLR genes
that are potentially blast resistant. Cloning NLR genes is ex-
tremely labor intensive due to their long gene length and high
numbers of polymorphisms among cultivars (11). We overcame
this by using the newly built Tetep genome and extensively tested
cloning vectors. Fourth, by combining pedigree tracing, identi-
fication of paired NLRs and functional evaluation by CRISPR
knockout, we tried to decipher the NLR defense networks in
Tetep. We also developed an efficient approach to identify NLR
pairs in a genome. Through these studies, we sought to reveal the
genetic basis of Tetep’s broad and durable resistance to blast and
to provide an NLR gene repository. Finally, we designed and
tested an extensive set of molecular breeding markers that will
facilitate the breeding of new blast-resistant cultivars.

Results

Sequencing, Assembly, and Annotation of the Tetep Genome. In or-
der to assemble the Tetep genome, we generated ~7.8 million
PacBio RS II subreads with a total of 66G base pairs (SI Ap-
pendix, Table S1), equivalent to ~150x genome coverage. The
initial assembly of the genome by Canu (12) was ~400 Mb in size,
consisting of 1,119 contigs, with a N50 of ~800 kb (SI Appendix,
Fig. S1 and Table S2). With the Minghui63 (MH63) genome (13)
as a reference (SI Appendix, SI Materials and Methods), 760
contigs, covering >80% of the sum of all contig lengths, were
successfully ordered into 12 chromosome pseudomolecules. The
assembled genome contained ~98.0% of the 248 core eukaryotic
genes (14), which is comparable to those in the MH63 (13) ge-
nome (95.2%) and the R498 (15) genome (99.2%) (SI Appendix,
Table S3), indicating a high completeness of the assembled ge-
nome. We predicted 37,054 protein-coding genes by collecting
evidence from homologous proteins, expressed sequence tags
(ESTs), and RNA-seq data (SI Appendix, Table S1) using
MAKER-P (16) (SI Appendix, SI Materials and Methods). This
number is similar to those annotated in MH63 (37,324) (13) and
R498 (37,549) (15) (SI Appendix, Table S4).

As we were especially interested in NLR genes, we added an
ab initio prediction using Fgenesh (17) to capture more NLR
genes. Through a combination of hidden Markov model (HMM)-
and motif-based strategies (18, 19) (SI Appendix, SI Materials and
Methods), 455 NLRs were identified in the assembled Tetep ge-
nome, which is similar to the numbers of NLR genes found in the
Nipponbare (473) and MH63 (455) genomes, but more than the
number (409, not statistically significant) found in the R498 ge-
nome (15) using the same prediction pipeline (SI Appendix, Table
S4). Moreover, the 93 Tetep NLRs sequenced by the Sanger
technique (averaged length over 3.7 kb, SI Appendix, SI Materials
and Methods) could all be found in the annotated Tetep NLRs
with the criteria of >99% sequence identity and >99% coverage.

Differences in NLR Genes among 4 Rice Genomes. To evaluate the
variation in NLR genes among different rice genomes, we
searched for all possible homologs of Tetep NLR genes in the
Nipponbare, MH63, and R498 genomes using OrthoFinder (20),
and calculated their nucleotide diversities (SI Appendix, Table
S5). We found that ~20 to 27% of the annotated 455 NLR genes
in Tetep lack a clear homolog in the Nipponbare, MH63, or
R498 genome (SI Appendix, Table S5). Even if we only consid-
ered the nearest NLR gene orthologous pairs, we found on av-
erage 7- to 10-fold higher nucleotide diversity between the 2
genes of an NLR orthologous pair than the genomic average
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between Tetep and the other 3 genomes (S Appendix, Table S5).
At least 17 Tetep NLRs seem to be absent (defined as NBS
domain protein sequence identity and coverage <50%) in
Nipponbare; this number increases to 31 in MH63 and 19 in
R498, possibly partly due to fewer annotated NLRs in MH63
and R498 (SI Appendix, Table S4). These observations suggest
large differences in NLRs among the 4 rice cultivars, consistent
with the high level of diversity found in NLRs (21, 22).

The differences in NLRs between Tetep and Nipponbare also
include gene structure changes. When we mapped the Illumina
reads of Tetep to the Nipponbare genome, 140 of the 455 NLR
genes were predicted to harbor at least 1 disruptive change, such
as a premature stop codon or a frameshift mutation in the coding
frame. This result is consistent with the previous finding of fre-
quent NLR pseudogenes in population analysis (23, 24). How-
ever, when the prediction was based on our assembled Tetep
genome, those putative pseudogenes were actually not pseudo-
genes but spliced isoforms in the Tetep genome; the isoforms
were supported by RNA-seq data.

Many Tetep NLRs Confer Blast Resistance to Susceptible Cultivars. In
order to understand the genetic basis of the durable and broad-
spectrum blast resistance of Tetep, we did a genome-wide study
of NLR genes in Tetep using gene cloning, transformation, and
functional tests. We were able to clone 219 (~50%) NLRs with
their native promoters and terminators and transform them into
at least 1 of 2 susceptible rice cultivars, Oryza sativa ssp. japonica
cv. TP309 and O. sativa ssp. japonica cv. Shin2 (Fig. 1 and SI
Appendix, Table S6). The transformed rice lines were tested for
resistance using 5 to 12 independent strains of M. oryzae (SI
Appendix, Fig. S2) as described previously (25, 26). Each test was
repeated at least 3 times.

In total, at least 90 cloned NLRs (~41% of the 219 cloned
NLRs) conferred resistance to 1 or more of the 12 blast pathogen
strains tested. (In many cases, fewer than 12 pathogen strains
were tested due to experimental difficulties such as hard-to-
control sporulation efficiency of a fungal strain under testing
and unsatisfactory controls in some tests. See SI Appendix, SI
Materials and Methods) For each pathogen strain, an average of
19 (ranging from 6 to 44) transgenic NLRs conferred resistance
to a normally susceptible rice cultivar (Fig. 2), suggesting high
overlapping resistance in the Tetep genome. This high over-
lapping resistance might contribute to the durable blast resis-
tance in Tetep.

Interestingly, different NLRs had different resistance spectra.
Among the 219 NLR genes cloned, 38 NLRs could recognize
only 1 pathogen strain, while 19, 14, §, and 11 could recognize 2,
3, 4, and >S5 different blast strains, respectively (Fig. 1 and SI
Appendix, Table S6). We used 7 of the 11 NLRs that conferred
resistance to >5 blast strains to test 9 additional pathogen strains,
increasing the maximum number of pathogen strains that could be
tested to 21. We found that 3 NLR genes (chri2.fgeneshl062,
chr06.fgenesh1195, and chr06.fgenesh377) could recognize 18, 14,
and 11 of the 21 pathogen strains tested (SI Appendix, Table S7).
However, no cloned NLR gene could recognize all tested patho-
gen strains. Therefore, to build a rice genome conferring broad-
spectrum blast resistance, a combination of multiple NLR genes
with different resistance spectra may be necessary.

Tetep NLRs Persisting in Modern Cultivars. Tetep has been exten-
sively used as a blast resistance donor in breeding programs.
Which Tetep NLR genes were actually selected in these breeding
programs? To answer this question, 5 elite cultivars, Chenghui047
(CHO047), Mianhui2009 (MH2009), Neihui2539 (NH2539),
Shuhui527 (SH527), and Zhonghui8006 (ZH8006), all of which
used Tetep as the blast resistance donor, and their cross parents
and intermediate lines were sequenced. From the pedigree in
Fig. 34, we inferred that 15 to 90 NLRs have been passed from
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Fig. 1. Resistance map of Tetep NLR genes. In a whole genome random
survey, 219 NLRs (numbered 001 through 219) in the Tetep genome were
cloned and tested for resistance against 12 highly diversified blast pathogen
strains (from S2007 to LaiXian). Two susceptible rice cultivars, japonica cv.
TP309 and Shin2, were used as transformation recipient cultivars. Each
tested NLR is colored according to its resistance status, i.e., resistant (R) or
susceptible (S), to the given blast strain in either cultivar. NLRs inherited in at
least 1 of 5 Tetep-derived cultivars are marked by blue triangles. Paired NLRs
are marked by a blue circle (a helper) or a cross (a sensor). A full list of the
219 NLR genes is given in S/ Appendix, Table S6.
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Tetep to its descendants (Fig. 3B). Two cultivars, MH2009 and
SHS527, with better blast resistance, carry 90 and 76 Tetep NLR
genes, respectively, while ZH8006, which is least resistant to blast,
carries only 15 NLR genes from Tetep, suggesting that cultivars
with more Tetep NLRs have broader and more durable resistance
(http://www.ricedata.cn/variety/). There are 47 Tetep NLRs that
have been passed to more than 1 cultivar; however, no Tetep NLR
was shared by all 5 cultivars and only 4 Tetep NLRs were found in
CHO047, SH527, ZH8006, and MH2009 (Fig. 3B). These observa-
tions suggest that the resistance spectrum of a descendant cultivar
is largely determined by its subset of the Tetep NLRs. This ob-
servation is consistent with the above view that multiple NLR genes
are required to produce a broad-spectrum and durable resistant line.

Of all of the 188 inherited NLR genes, 56 were tested for blast
resistance in the above genome-wide survey (Fig. 1 and SI Ap-
pendix, Table S6). Interestingly, ~57% (32 genes) of the 56 genes
were found to confer resistance to at least 1 blast pathogen
strain, which was significantly higher than that observed in the
genome survey (41%) (219 randomly sampled NLR genes,
x* with Yates correction = 4.2, degrees of freedom [d.f] =1,P =
0.040). Moreover, nearly 80% of the inherited NLR genes were
also found to be physically near each other (<300 kb); that is,
they formed NLR gene clusters. These NLR gene-enriched
clusters can be readily employed in resistance breeding, greatly
facilitating breeding programs (see Discussion).

Identifying NLR Pairs. The findings of the RRS1/RPS4 pair in
Arabidopsis (27) and the RGA4/RGAS pair in rice (28) sug-
gested 2 NLR genes could function together, known as a sensor/
helper pair (8, 29). The sensor was often found to carry an extra
domain, e.g., WRKY, RATX, NOI, and TRX, which could act as
a decoy of pathogen effectors (30). However, it remains unclear
as to 1) how often NLRs in a genome function in pairs, and 2)
how such pairs have evolved. By searching for head-to-head NLR
genes in the Tetep, Nipponbare, MH63, and R498 genomes (S
Appendix, SI Materials and Methods for details), we found 43
pairs in Tetep, 47 in Nipponbare, 33 in MH63, and 47 in R498,
suggesting that ~20% of NLRs are paired in a rice genome
(Fig. 4 and SI Appendix, Fig. S3 and Table S8).

To test whether an NLR gene pair functions as a unit, we
randomly picked 25 NLR pairs to do single NLR gene
knockout using the CRISPR/Cas9 system in a japonica cul-
tivar Wuyungeng24 because transformation in Tetep often pro-
duces nonviable progeny. In 4 of these genes from 18 NLR pairs,
we failed to design rational spacers or verification primers. In
addition, among the same 18 NLR pairs, the transformation failed
in 16 genes after ~3 to 4 trials, and 12 other genes were found to
have not mutated (SI Appendix, Table S9). The general low suc-
cessful editing rate (~29.6% vs. ~67.5% for non-NLR genes sur-
veyed, x> with Yates’ correction = 38.85, d.f. = 1, P = 4.57 x 1071,
SI Appendix, SI Materials and Methods and Table S10) may imply a
high fitness reduction when 1 of the 2 genes in a pair was knocked
out. Such resistance cost was also observed when individual NLRs
were transformed into susceptible hosts (SI Appendix, SI Materials
and Methods, Table S11, and Fig. S4). In the end, we successfully
generated 8 helper NLR knockouts and 10 sensor NLR
knockouts (SI Appendix, Table S9). Seven of the 8 helper genes
are paired with 7 of the 10 sensor genes. As explained below,
9 of these 10 sensor knockouts showed deleterious phenotypic
effects.

Of the 7 pairs for which both sensor and helper knockouts
were available, 3 sensor knockouts became very weak as seed-
lings and died quickly (a lethal phenotype), 3 sensor knockouts
had the phenotypes of dwarfing and infertility or early heading,
and 1 sensor knockout had the phenotype of smaller spikes and a
shorter stature. In contrast, their corresponding helper knock-
outs displayed much milder phenotypic effects, e.g., just a little
shorter or even no phenotypic changes compared with its wild
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Fig. 2. Numbers of tested Tetep NLRs that conferred resistance to 1 or more
blast pathogen strains in 2 susceptible recipient cultivars TP309 and Shin2.
The Tetep NLRs were cloned and transformed into TP309 and Shin2 sepa-
rately and tested using 12 diversified blast pathogen strains. Each pathogen
strain could be recognized by multiple NLRs. The number of recognized NLRs
to each strain in TP309 or/and Shin2 is shown in the bar charts.

type (Fig. 5 and SI Appendix, Table S9). Interestingly, 3 of the 7
helper knockouts, Os07g29820, Os11g46070, and Os11g39230,
were slightly susceptible to blast in natural conditions, suggesting
that these NLR pairs can confer blast resistance. Taking to-
gether, these observations suggest that these sensor/helper pairs
play an important role in response to rice blast, and that a helper
may function with 1 or more sensors (8).

In the remaining 3 sensor knockouts for which the paired
helper member was found not mutated, 2, Os08g30634 and
Os10g22484, were observed with “blast pseudolesions” (Fig. 5D).
No hyphae were observed in these lesions under microscopic
examination, indicating that those spots were most likely owing
to programmed cell death (PCD) initiated by helper NLR pro-
teins after losing their sensor suppressors. Furthermore, RT-
gqPCR experiments revealed no significant changes in the ex-
pression levels of paired NLR knockouts (SI Appendix, Fig. S5),
suggesting that this process was likely initiated at the protein
level. The effect of knocking out 1 member of the paired NLRs
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was more severe in some sensor mutants that eventually led to
the death of the plants, including the mutants with the Pi-ta
gene knocked out (SI Appendix, Table S9). Additional trans-
genic experiments which transformed 2 pairs each as a unit
(1 with the chrll.fgenesh1896/1897 pair and another with the
chrl1.fgenesh2445/2446 pair) into a susceptible cultivar either
conferred strong or enhanced resistance to rice blast strains
(see Fig. 4B and SI Appendix, SI Materials and Methods for
details), further confirming the resistance function of the
paired NLRs.

We then checked whether the NLR pairs have been favored in
breeding programs. By tracing the pedigree described above, at
least 13 Tetep NLR pairs were found in those resistant lines. The
11g00011732.fgenesh48/tig00011732.fgenesh49 pair was inherited in
MH2009, while the Pi-ta/Pi42 (tig00012489.fgeneshl3/tig00012489.
fgeneshl15) pair was found in both SH527 and MH2009. Another
pair, the Pik-1/Pik-2 (chr11.fgenesh2455/chrl 1.fgenesh2457) pair, which
has also been functionally characterized, was found in NH2539.

The above results suggest that these NLR pairs have been
retained in the elite cultivars by strong selection and play an
important role in response to the rapidly evolving pathogens.

Evolutionary and Functional Analyses of Sensor/Helper Pairs. We
traced the evolutionary trajectories of the paired NLRs through
phylogenetic analysis using the coding sequences. Surprisingly,
most NLR pairs were clustered within only a few clades; a clade
is defined as a group of descendant branches with a bootstrap
value 2 80%, SI Appendix, Fig. S3), suggesting that these pairs
were derived from a few common ancestral pairs. We then
reconstructed the phylogenetic tree using only the sequences of
these NLR pairs and their homologs (Figs. 4 C and D and 6). The
reconstructed tree contains several well-supported clades. For
example, a subclade of the biggest clade, clade I, includes 13, 12,
and 9 members from Nipponbare, Tetep, and Brachypodium
distachyon, respectively. Interestingly, each of these 34 members
only came from 1 member of the 34 different NLR pairs. In other
words, each of the 34 NLR pairs strictly has only 1 member in
this clade. Among them, 2 well-characterized genes, RGA4 from
the RGA4/RGAS pair and Pi42 from the Pi42/Pi-ta pair, were
also found in this clade, and both of them are helpers (hereafter
a clade mainly consisting of helper NLRs is defined as a helper
clade). In contrast, both of their paired counterparts, including
RGAS5 and Pi-ta, which are sensors (hereafter a clade mainly
consisting of sensor NLRs is defined as a sensor clade), were
grouped into another clade (Figs. 4D and 6). In accordance with
this evolutionary pattern, these pairs belong to 4 helper and 6
sensor clades (Figs. 4D and 6).
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Fig. 3. Inheritance of NLR genes in breeding programs. (A) Pedigree of rice cultivars derived from Tetep. The percentage in each box shows the probability
that a given locus was inherited from Tetep (T). The dashed lines indicate that some intermediate steps are not shown in this pedigree. (B) Inherited NLRs in 5
Tetep descendants. The Venn diagram shows the inheritance of Tetep NLRs in 5 modern cultivars derived from breeding programs that used Tetep as the
resistant donor. The number of inherited NLRs in a cultivar is given in parentheses following the cultivar name.
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Fig. 4. Features of paired NLRs. (A) A proposed scenario for the evolution of paired NLRs. Due to functional constraints, the sensor and the helper NLR were
most likely duplicated simultaneously. This model is a simplified version of Fig. 5 in Wu et al. (8). (B) Functional tests of paired NLRs. (Left) TP309 wild type
(WT); (Right) Transgenic plants with the Tetep NLR pair chri1.fgenesh2445/chr11.fgenesh2446. Both the WT and transgenic plants were tested using blast
strains during the heading stage. The WT plants displayed severe neck blast symptoms, while the transgenic lines conferred strong resistance when mature
(shown in dashed circles). (C) Paired NLRs identified in the Nipponbare genome that are Pi-ta or Pi-kh homologs. The 2 members of each pair are linked by a
dashed line. These pairs appear approximately at mirrored positions to each other in the same phylogenetic tree. (D) A representative cladogram of the
identified paired NLRs in B. distachyon (black triangle), Nipponbare (blue circle) and Tetep (red rectangle). Seven clades (clades |, II, IV, V, VI, VII, and X) are
shown here. In nearly all cases, the 2 members of a pair (linked by a line in the figure) are clearly separated into different clades. Some unusual domains
present in these NLRs are given on the branches. Four function-known NLRs—Pi-ta, Pi42, RGA4, and RGA5—are highlighted by green. Clade | consists of the
helpers, while the remaining clades consist of sensors. A full phylogenetic tree of all paired NLRs and their homologs is given in Fig. 6, and a full list is given in
SI Appendix, Table S8.
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Fig. 5. Phenotypes of CRISPR/Cas9 knockouts of paired-NLR sensor or helper genes. The sgRNA:Cas9 vector was transformed into O. sativa L. ssp. japonica
cultivar Wuyungeng24 via Agrobacterium-mediated transformation. (A) Phenotypic analysis of the LOC_0Os08914810 mutant. (Left) Wild type; (Right)
LOC_0s08914810 (sensor) T; mutant with the early heading phenotype; 90 d old. (B) Phenotypic analysis of the LOC_Os11939290 mutant. (Left) Wild type;
(Right) LOC_Os11939290 (sensor) T, mutant with a smaller spike; 125 d old. (C) Phenotypic analysis of the LOC_Os119g45980 mutant. (Left) Wild type; (Right)
LOC_Os11945980 (helper) T; mutant with the dwarf and late heading phenotypes; 110 d old. (D) Phenotypic analysis of the LOC_Os10922484 mutant. (Top)
Wild type; (Middle) rice blast lesion; (Bottom) LOC_Os10922484 (sensor) T, mutant displayed a pseudolesion, mimics those caused by blast, no T, plants were
obtained for this mutant because T, plants were infertile; 6 weeks old. (E) Phenotypic analysis of the LOC_Os11945980 mutant. The LOC_Os11g45980 (helper)
T, mutant displayed a smaller seed size compared to the WT. These phenotypes were consistent between T,, T,, and T3 generations. (Scale bars, 5 cm [A and

C], 2 cm [B], and 1 cm [E].)

To test whether an NLR pair truly functions as a unit, we
considered 4 expectations. First, the effector-targeted decoy
domains, WRKY, RATX, NOI, TRX, etc., each of which is
frequently fused with a sensor NLR member (30), should only be
found in sensor NLR clades but not in any helper clade. In fact,
these unusual domains were exclusively present in sensor NLR
clades (Fig. 4D and SI Appendix, Table S8).

Second, it has been found that paired NLR proteins generally
form heterogeneous protein complexes (31), in which the sensor
NLR is essential for suppressing the helper NLR’s autoactivation
in the absence of the pathogen. Therefore, loss of a sensor NLR
may lead to autoactivation of the helper NLR, which could be
extremely deleterious to the host plant. In contrast, loss of a
helper NLR should be less harmful. The phylogenetic tree is
consistent with this expectation in that all members in the helper
NLR clade have their paired counterparts in the sensor clades,
but not vice versa. Some genes (i.e., those homologous genes of

18484 | www.pnas.org/cgi/doi/10.1073/pnas.1910229116

NLR pairs) in sensor clades had neither a potential helper
counterpart in the helper NLR clade nor a tightly linked NLR
with a head-to-head orientation in the genome.

Third, knocking out a sensor gene in an NLR pair should show
a more severe effect than knocking out a helper gene. Indeed, in
the 7 NLR pairs with successful sensor or helper knockouts, 5 of
their T; transgenic lines with the sensor member knocked out
displayed various abnormal phenotypes, such as lethal, dwarfing
or semidwarfing, infertile, lesion mimic, late or early heading,
and so on (Fig. 5 and SI Appendix, Table S9). In contrast,
knocking out the helper of an NLR pair only caused a slight
phenotypic change (Fig. 6, paired Wilcoxon signed rank test for
phenotypic change levels in 7 paired mutants, 1-tail, P = 0.0239).

Finally, since the sensor members are involved in direct-binding
fast-evolving AVR effectors (28, 32), they are more likely to
possess greater genetic diversity or divergence compared to helper
members. This has been observed when comparing orthologous
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Fig. 6. Phylogenetic tree of paired NLRs. The tree is constructed using all identified paired NLRs from B. distachyon (BD, marked by black triangles), Nip-
ponbare (NP, marked by blue circles), and Tetep (TP, marked by red rectangles) genomes and their homologs (terminal branches without any marks). The
large tree contains different subclades, numbered from | to X. Each member of a pair is presented as “-H” if it's a helper or “-S” if it's a sensor, e.g., "TP1-H"
means the helper of the Tetep paired NLR TP1, while “TP1-S” means the sensor of TP1. Each subclade is marked as a sensor (S) or helper (H) clade based on
those NLRs included in this clade. The phylogenetic tree was constructed using the ML (maximum likelihood) method with 1,000 bootstrap replicates.
The bootstrap percentages are given above each branch. The phenotypic changes of CRISPR/Cas9 mutants were marked as level 1 (Lv1): slight or no phe-
notypic changes; level 2 (Lv2): moderate phenotypic changes including obvious dwarfing, pseudoblast lesions, low setting rates, etc.; and level 3 (Lv 3):

lethal phenotypes.

pairs between Nipponbare and Tetep. A significantly higher di- Genome-Wide Molecular Markers for Resistance Breeding. The above
versity (SI Appendix, Table S12, paired Wilcoxon signed rank test, ~ findings indicate that introducing a large number of Tetep NLR
1-tail, P = 0.0478) has been detected in orthologous sensor  genes into the genome of a recipient cultivar is an efficient means
members between Nipponbare and Tetep than that between  to establish a new cultivar with broad-spectrum resistance to blast.
orthologous helper members. This was also in agreement with  Therefore, we designed 1,909 pairs of PCR primers to amplify
their phylogenetic structure, where most helper members were  ~430 of the 455 annotated Tetep NLRs (SI Appendix, SI Materials
clustered in a few well-supported clades, but the sensor members  and Methods and Fig. S6 and Dataset S1). Three types of PCR
were distributed in various clades. primer pairs were designed to target single NLRs (type I), paired
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NLRs (type 1I), and clustered NLRs (type III) in the Tetep ge-
nome (SI Appendix, Fig. S6). We tested 320 PCR primer pairs that
targeted 240 NLRs, including all 23 NLR clusters and 43 NLR
pairs, which are the most desirable NLRs to include in a breeding
program. We found a success rate of 88.1% (SI Appendix, SI
Materials and Methods and Fig. S7 and Dataset S1). Importantly,
all of the 23 NLR clusters and 43 NLR pairs could be verified
using as few as 146 of the 320 tested PCR primer pairs (Dataset
S1). Thus, with this set of 1,909 designed PCR markers, one may
be able to introduce desired combinations of NLR genes, espe-
cially the paired and clustered NLR genes and those that have
been functionally confirmed, into a recipient cultivar to breed a
new resistant line.

We tested this idea using an experimental cross between Tetep
and Jingeng698 by introducing a resistance block from Tetep
containing the NLR pair, tig00011732.fgenesh48/tig00011732.
faenesh49 (Os05g40160/0s05g40150), into Jingeng698 (SI Ap-
pendix, Fig. S8). Jingeng698 is a japonica cultivar with excellent
yielding traits (SI Appendix, Fig. S8C), but is susceptible to blast
disease. To overcome the indica—japonica hybrid sterility, the
experiment crosses begin from 3 repeat backcrossings with
Jingeng698. The progeny in BC3F5 generation (3 backcrossings
followed by 5 selfing generations) displayed enhanced blast re-
sistance compared with Jingeng698 when growing in the field
(SI Appendix, Fig. S8D).

Discussion

In this study we assembled the complete genome of Tetep and
identified 455 NLR genes. From an analysis of these genes, we
made the following observations:

First, we found no excess of NLRs in the Tetep genome
compared to those in Nipponbare, MH63, and R498, challenging
the notion of “more NLRs, more resistance (10).” However, we
did find extensive divergence of NLRs between genomes, show-
ing a much higher diversity in NLRs than the genomic average (e.g.,
~5.96% in NLRs vs. 0.84% for the genomic average divergence
between Tetep and Nipponbare), consistent with their high varia-
tions among rice populations (33). As mentioned above, if we map
Tetep Illumina reads to the Nipponbare genome, we would mis-
classify nearly a third of the NLRs as pseudogenes due to numerous
frameshifts and premature stop codons found in those regions.
Thus, the NLR genes in the Tetep genome are quite different from
those in the Nipponbare genome and tend to confer stronger re-
sistance to blast than those in the Nipponbare genome.

Second, a genome-wide resistance survey of NLRs gave us
some clues about how they contribute to Tetep’s defense system.
We found that at least 90 of the 219 cloned NLRs showed re-
sistance to 1 or more of the 12 pathogen strains tested. This high
abundance of functional NLR genes in the Tetep genome is
likely the genetic basis for the broad-spectrum resistance of
Tetep. However, as none of the 219 cloned NLR genes showed
resistance to all of the 12 pathogen strains, multiple NLR genes
are apparently required for broad-spectrum resistance, as also
suggested by recent studies (5, 34, 35). On the other hand, each
of the 12 pathogen strains was resisted on average by 19 cloned
NLR genes. This resistance redundancy (overlapping resistance)
might be the genetic basis for the durable resistance of Tetep.
These inferences are supported by the results from pedigree
tracing of NLRs in widely used cultivars derived from breeding
programs that used Tetep as the resistant donor. The pedigree
analysis revealed that different lines preserved distinct sets of
NLR genes from Tetep and that the resistance strength and
breadth of a line showed a positive correlation with the number
of NLRs it inherited from Tetep. Moreover, the frequently ob-
served NLR interactions in plants (36) would indicate that re-
dundant networks are a general mechanism contributing to a robust
immune system.
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Third, the genome-wide resistance survey and pedigree tracing
revealed that a large portion of effective NLRs are present in
clusters, as observed previously (18, 33, 37). By targeting NLR
clusters, multiple NLRs could be introduced as a single func-
tional unit without disrupting any putative interactions within
them. Thus, the clustering may facilitate breeding for new resistant
strains. In order to breed a cultivar with durable and broad-
spectrum resistance, one may design a combination of NLR
clusters from the Tetep genome. The combination can be selected
through widely used pedigrees. The experimental cross between
Tetep and Jingeng698 is an example that made use of those
clusters for resistance breeding. Through rapid selection for
clusters derived from the Tetep genome (SI Appendix, Fig. S8)
using those carefully designed molecular markers (SI Appendix,
Fig. S6 and Dataset S1), we were able to generate an improved
resistance line without causing obvious harm to their yield or other
agronomic traits.

Fourth, our study reinforced the notion that a long-lasting
broad-spectrum resistance cannot be achieved without multiple
NLRs. The observation of varied spectra in resistance of differ-
ent genes provided evidence for a simple pyramiding of NLRs.
However, a cultivar’s genetic background affects the perfor-
mance of NLRs as many of the transgenic NLRs only confer re-
sistance to 1 susceptible line but not the other. In our 219 cloned
NLR genes, 33 were transformed into both TP309 and Shin2,
yielding 187 bilateral testing results across all 12 tested blast
strains (Fig. 1 and ST Appendix, Table S6). Only in 14 bilateral tests
(involving 8 NLR genes) did an NLR gene confer blast resistance
in both cultivars (Figs. 1 and 2 and SI Appendix, Table S6). In
contrast, about 77 bilateral tests (involving 27 NLR genes) dis-
played resistance only in 1 of the 2 cultivars tested (Fig. 1 and S/
Appendix, Table S6). Among the remaining 96 bilateral tests (also
involving 27 genes), the tested gene was susceptible to blast in
both TP309 and Shin2 (Figs. 1 and 2 and SI Appendix, Table S6).
We also noticed that, for an NLR gene, the phenotypic changes
could differ between a transformant and a CRISPR mutant. A
possible explanation for this difference is that, when transforming
an NLR gene into a recipient cultivar, its phenotypical impact
could be alleviated by the recipient cultivar’s native NLR net-
works. In contrast, the phenotypical impact can more readily
manifest in a knockout mutant, possible due to a direct inter-
ruption of the original NLR network. These observations reinforce
the importance of NLR networks over a single NLR gene.

Finally, an NLR pair is an important form of interaction be-
tween NLRs. A genome scan of 13 domesticated and wild rice
varieties revealed significantly enriched head-to-head configu-
ration in adjacent NLRs (33). Another observation is that head-
to-head NLR pairs frequently carry decoy domains (33, 38),
consistent with characteristics of known NLR pairs. These ob-
servations suggest that NLR pairs are not rare in a rice genome.
However, a more detailed functional assessment is still required,
especially when considering the pair as a single functional unit.
Our study made full use of these known characteristics to de-
velop a method to identify paired NLRs and confirm their
functions with knockout experiments. We detected 43 NLR pairs
in Tetep and 47 pairs in Nipponbare using a phylogenetic-guided
strategy, greatly increasing the number of known NLR pairs. This
strategy can be readily adopted to other cultivars or species. An
enlarged NLR pair repository can facilitate both the functional
and evolutionary study of NLRs.

Materials and Methods

Plant Materials, Sequencing, and De Novo Assembly. The genomic DNA was
extracted from young Tetep leaves using the cetyltrimethyl ammonium bro-
mide (CTAB) method (39). For PacBio sequencing, 5 libraries (20-kb templates)
were built and sequenced on a PacBio RS Il platform, yielding 50 single mol-
ecule real-time sequencing cells. For lllumina sequencing, 2 libraries were se-
quenced on Hiseq 2000 and Hiseq 4000 platforms, respectively (S/ Appendix,
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Table S1). Two Tetep RNA samples were sequenced on the lllumina Hiseq 4000
platform, each with ~120 M clean reads (S/ Appendix, Table S1). A Tetep ge-
nome draft was built using PacBio RSII subreads (S/ Appendix, Fig. S1) and
anchored to 12 chromosomes according to the MH63 genome (13). Detailed
procedures are provided in S/ Appendix, SI Materials and Methods. Related
pipelines for assembly and downstream analyses as well as accompanying
scripts have been deposited in the Github page https:/github.com/wl13/
Tetep_Genome.

NLR Genes Analyses. Protein-coding genes were identified using both MAKER-
P pipeline (16) and Fgenesh (17). The NLR gene was predicted using
hmmscan (40) and NLR-parser (41). Phylogenetic trees were constructed
using FastTree (42). The candidate NLR pairs were identified through
searching for NLR genes near each other in the Tetep, Nipponbare, MH63,
R498, and B. distachyon genomes, and confirmed through phylogenetic
analyses. The detailed procedures are described in S/ Appendix, SI Materials
and Methods.

Cloning, Transformation, and Testing of NLR Genes. Each clone was trans-
formed into 2 blast-susceptible cultivars, TP309 and Shin2. The 12 pathogen
strains used in this study were chosen in consideration of their geographic
origin, sequence diversity, and sporulation efficiency (S/ Appendix, Fig. S2).
For each gene, 8 to 10 independent transformants were selected. The
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detailed procedures of each steps are described in S/ Appendix, SI Materials
and Methods.

Generation of Knockout Mutants of Paired NLRs. Unique single-guide RNA
(sgRNA) spacer sequences were designed to target the NLR. Each sgRNA was
then incorporated into the Cas9 vector and transformed into the japonica
cultivar Wuyungeng24. Details about the knockout steps, efficiency, as
well as off-target evaluation are provided in SI Appendix, SI Materials
and Methods.

Design of a PCR Marker Set for Verifying Tetep-Derived NLRs. The PCR primer
pairs were designed to amplify nearly every NLR gene in the Tetep genome
(Datasets S1-S3). For each single or paired NLR, 1 or 2 primer pairs were
designed (S/ Appendix, Fig. S6). For a NLR cluster, usually 3 or 4 pairs of
primers were designed to target the first and last genes plus 1 to target a
middle region (S/ Appendix, Fig. S6A). Detailed information and evaluation
of the marker set are provided in S/ Appendix, SI Materials and Methodss.
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