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ABSTRACT

Plants have developed various mechanisms for avoiding pathogen invasion, including resistance (R) genes.
Most R genes encode nucleotide-binding domain and leucine-rich repeat containing proteins (NLRs). Here,
we report the isolation of three new bacterial blight R genes in rice, Xa1-2, Xa14, and Xa31(t), which were
allelic to Xa1 and encoded atypical NLRs with unique central tandem repeats (CTRs). We also found that
Xa31(t) was the same gene as Xa71-2. Although Xa71-2 and Xa14 conferred different resistance spectra, their
performance could be attenuated by iTALEs, as has previously been reported for Xa1. XA1, XA1-2, XA14,
and non-resistant RGAF differed mainly in the substructure of the leucine-rich repeat domain. They all con-
tained unique CTRs and belonged to the CTR-NLRs, which existed only in Gramineae. We also found that
interactions among these genes led to differing resistance performance. In conclusion, our results uncover
a unique locus in rice consisting of at least three multiple alleles (Xa1, Xa1-2, and Xa14) that encode CTR-
NLRs and confer resistance to Xanthomonas oryzae pv. oryzae (Xoo0).
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2015; Kroj et al., 2016; Bailey et al., 2018). Yr7, Yr5, and YrSP
are recently cloned yellow rust resistance genes from hexaploid
wheat (Triticum aestivum), all of which encode BED-domain-
containing NLRs (BED-NLRs) (Marchal et al., 2018).

INTRODUCTION

Plant diseases cause serious losses of biomass each year world-
wide, leading to reduced crop yields and economic distress for
farmers. Over time, plants have developed different survival
mechanisms, such as resistance (R) genes. Most reported R
genes encode nucleotide-binding domain and leucine-rich
repeat containing proteins (NLRs) (Mermigka et al., 2020),
which are typically classified into two groups based on the
structure of their N-terminal sequences. The TNL (TIR-NLR)
group contains a Toll/interleukin receptor (TIR) domain,

Many NLRs play important roles in rice defense, especially against
fungi and insects. In interactions with Magnaporthe oryzae, 22 of
the 26 isolated R genes encode NLRs (Fukuoka et al., 2014; Xu
et al., 2014; Chen et al., 2015; Ma et al., 2015; Deng et al., 2017).
Another nine NLR-encoding R genes have been isolated during
rice—planthopper interactions (Du et al., 2009; Zhao et al., 2016).

whereas the CNL (CC-NLR) group contains a coiled-coil (CC)
motif (van Wersch et al., 2020). The Arabidopsis genome has
approximately 150 NLR-encoding genes, two-thirds of them
encode TNLs and one-third encodes CNLs (Meyers et al,
2003). TNLs are absent from the genomes of many monocots
(Jacob et al., 2013). In the rice genome, for instance, most of
the 500+ NLR genes encode CNLs, and none encode TNLs
(Meyers et al., 2005). However, recent studies have reported
that many NLRs have additional integrated domains, such as
the WRKY, kinase, and BED finger domains (Le Roux et al.,

However, the interactions between rice and Xanthomonas oryzae
pv. oryzae (Xoo), a pathogenic bacterium that causes bacterial
blight, seem to be unique (Zhang and Wang, 2013). To date, 11
bacterial blight R genes have been isolated: Xa1, Xa3/Xa26, Xa4,
xab, Xa10, xal13, Xa21, Xa23, xa25, Xa27, and xa41(t) (Yoshimura
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et al., 1998; Zhang and Wang, 2013; Tian et al., 2014; Hutin et al.,
2015; Wang et al., 2015; Hu et al., 2017). These genes encode
several different types of proteins that are involved in various
aspects of rice-Xoo interactions (Zhang and Wang, 2013).
Surprisingly, except for three receptor-like kinase-encoding bacte-
rial blight R genes, the remaining eight genes are all related to tran-
scription activator-like effectors (TALEs), which are secreted by
Xanthomonas and Ralstonia solanacearum (Song et al., 1995;
Sun et al., 2004; Zhang and Wang, 2013; Ji et al., 2016; Hu
et al., 2017). TALEs can be translocated into plant cells via the
type Il secretion system (T3SS). Then, they directly bind to
effector binding elements (EBEs), also called upregulated by
TALE (UPT) boxes, in host genomic DNA by their central repeat
region and promote gene expression (Boch et al., 2009; Romer
et al., 2009; Antony et al., 2010). Three Xoo TALEs, AvrXa27,
AvrXa10, and AvrXa23, bind to the EBEs of rice executor R
genes Xa27, Xa10, and Xa23 (Gu et al., 2005; Tian et al., 2014;
Wang et al., 2015). Mutations in the EBEs of xa13, xa25, and
xa41(f) retard interactions with Xoo TALEs PthXo1, PthXo2,
AvrXa7, and Tal5 (Chu et al., 2006; Yang et al., 2006; Liu et al.,
2011; Yuan et al., 2011; Hutin et al., 2015; Zhou et al., 2015). The
recessive gene xa5 encodes TFIIAY5Y*°E and attenuates the
TALE-induced expression of rice genes (Gu et al., 2009; Yuan
et al., 2016). The most interesting gene is Xa7, a BED-NLR, which
recognizes multiple different TALEs and confers resistance
(Yoshimura et al., 1998; Ji et al., 2016; Marchal et al., 2018). It
has been reported that many full-length TALEs can trigger Xa7-
mediated resistance. Meanwhile, interfering TAL effectors
(iTALEs), in which Their N-terminals and transcription activation
domains contain some deletions, can interfere with Xa7-mediated
resistance. iTALEs exist in many Xoo and Xoc strains and may be
responsible for the current narrow spectrum of Xa7 (Ji et al., 2016).

Previously, Xa2, Xa12, Xa14, Xa-25, Xa31(t), and Xa38 were re-
ported to be localized to the region near Xa7 and to confer race-
specific resistance to Xoo (Ogawa et al., 1978; Gao et al., 2005;
He et al., 2006; Cheema et al., 2008; Wang et al., 2009; Bao et al.,
2010; Ellur et al., 2016). Furthermore, the uncloned Xanthomonas
oryzae pv. oryzicola (Xoc) R gene, Xo1, which recognizes TALEs
in an activation-domain-independent manner and can be sup-
pressed by truncated TALEs, has also been mapped to the Xa7 re-
gion (Read et al., 2016; Triplett et al., 2016). A recent report found
two BED-NLR-encoding genes at the Xo7 locus, including one
that was highly similar to Xa7 (Read et al., 2020). However, the
relationships among these genes remain unclear.

Here, we report the isolation of three new allelic bacterial blight R
genes, Xa1-2, Xa14, and Xa31(t), which are allelic to the previ-
ously isolated Xa7. Furthermore, we show that Xa7, Xa7-2,
Xa14, and Xa31(t) all encode NLRs with unique central tandem re-
peats (CTRs), and that their homologs form a new class of NLR
found only in Gramineae. We also demonstrate that interactions
among Xa1, Xa7-2, and Xa14 play complex roles in rice disease
resistance to Xoo.

RESULTS

Xa14 Is Allelic to Xa1

Previously, the Xa74 gene was mapped to a 300-kb region be-
tween markers HZR970-8 and HZR988-1 on chromosome 4

Multiple NLRs with CTRs Confer Resistance to Xoo

(Bao et al.,, 2010). To isolate Xa74, we inoculated an F,
population of 599 individuals derived from a cross between rice
cultivars IRBB14 and IR24, which carry and lack Xai4,
respectively, with the Xoo strain PXO112, which triggers Xa14-
mediated resistance in rice. After lesion length analysis, Xa14
was further mapped between markers 52940 and RM5473 on
chromosome 4 (Figure 1A). According to the reference
sequence of the rice cultivar Nipponbare, there were 20 genes
in this region, seven of which were predicted to encode NLRs

(Figure 1B). Here, these genes were renamed R-gene
analogs RGAa (0s04g52970), RGAb (0s04g53000), RGAc
(Os04g53030), RGAd (0s04g53050), RGAe (0Os04g53060),

RGAf (Os04g53120), and RGAg (Os04g53160). RGAb and
RGAe encoded proteins that contained only the leucine-rich
repeat (LRR) domain. The other five genes encoded intact
NLRs (Figure 1B). RGAa, RGAc, and RGAd encoded non-BED-
NLRs, whereas RGAf and RGAg encoded BED-NLRs
(Supplemental Figure 1A). Interestingly, both RGAf and RGAg
were homologous to the isolated bacterial blight R gene Xat
(Supplemental Figure 1B). The genomic sequence of RGAf
showed 84.7% identity to that of Xa7, whereas the sequence of
RGAg showed only 59.8% identity (Supplemental Figure 1C).
The homology of the 1-kb upstream sequences between RGAf
and Xa1 was 99.3%, but no significant homology was found in
this region between RGAg and Xa1l. These results suggest that
RGAf was allelic to Xa7 and that RGAg was a paralog of Xa7.

Further analysis showed that both RGAg-BB14 and RGAg-IR24,
the alleles of RGAg in IRBB14 and IR24, respectively, encoded
truncated proteins. A single base insertion (A) at position 4068
was found in the genomic sequence of RGAg-BB14, leading to
a frame shift and a subsequent stop codon. In RGAg-IR24, the
truncation was caused by the deletion of 3945 “T”
(Supplemental Figure 2A). RGAf-IR24, the allele of RGAf in
IR24, also encoded a truncated protein due to a 5845 “C”
deletion in the genomic sequence (Supplemental Figure 2B).
Only RGAf-BB14 encoded an intact NLR, and it showed 89.2%
and 87.4% sequence identity to Xa? and RGAf, respectively
(Supplemental Figure 2B). Thus, RGAf-BB14 was the most
likely Xa14 candidate gene.

To test whether RGAf-BB14 was Xa14, we transformed a native
promoter-driven RGAf-BB14 gene into the cultivar IR24. After
transformation, 55 independent Ty plants were generated and
named RGAf-BB14-IR plants. These plants were inoculated
with the Xoo strain PXO112 at the booting stage. All 26 positive
plants showed significantly higher resistance compared with
the negative plants and wild-type plants (Figure 1C,
Supplemental Figure 3, and Supplemental Table 1). To further
confirm the resistance, we inoculated three different T, lines
derived from positive PXO112-resistance Ty plants. Similarly,
these positive T, plants were significantly more resistant than
negative plantsand wild-type plants (Supplemental Figure 4).
Similar results were obtained with transgenic Zhonghuai1
(ZH11) and Mudanjiang8 (MDJ8) cultivars, both of which
lack Xa14 (Supplemental Figures 5 and 6; Supplemental
Tables 2 and 3). These results strongly suggest that RGAf-
BB14 was Xal4.

In addition, bacterial growth ratios were analyzed using two pos-
itve and one negative RGAf-BB14-IR T, lines (Figure 1D).

2 Plant Communications 1, 100088, July 13 2020 © 2020 The Author(s).
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Figure 1. Mapping and Homology-Based
Cloning of Xa14.

(A) Genetic map of the Xa74 locus.

(B) Physical map and candidate genes of the Xa714
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Bacterial growth in RGAf-BB14-IR-3 and RGAf-BB14-IR-8 was
only 2.4%-21.2% of the wild-type plants at 6-12 days after infec-
tion, whereas bacterial growth in RGAf-BB14-IR-2 was 103.2%-—
138.9% of the wild type (Figure 1E). These results indicate that
the resistance mediated by Xa74 was associated with reduced
bacterial growth in plants.

Xa1-2 and Xa31(t) Are Also Allelic to Xa14 and Xa1

It has been reported that Xa2 and Xa31(t) are also localized to a re-
gion near Xa1 or Xa14 and that both confer race-specific resistance
to Xoo (He et al., 2006; Wang et al., 2009). Therefore, Xa14 and Xa1
alleles in donors IRBB2 and Zhachanglong (ZCL) (referred to as
RGAf-BB2 and RGAf-ZCL, respectively, hereafter) were likely Xa2
and Xa31(t) candidate genes. Surprisingly, the genomic
sequences of RGAf-BB2 and RGAf-ZCL were completely
identical. Only five polymorphisms, nucleotide deletions or
substitutions, were identified more than 500 bp upstream of the
predicted transcription start site in each gene (Figure 2A).
Compared with the RGAf genes from cultivars MDJ8 and ZH11,
designated RGAf-MDJ8 and RGAf-ZH11, respectively, the
genomic sequence of RGAf-BB2 (or RGAf-ZCL) was more similar
to those from Xa1 and Xa74 (Supplemental Figure 7A). The main

Plant Communications 1, 100088, July 13 2020 © 2020 The Author(s).
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difference between RGAf-BB2 and Xal was
a 279-bp deletion in the LRR-encoding
region, the remaining sequence of RGAf-BB2
showed 99.9% identity to that of Xat
(Supplemental Figure 7B). Compared with
Xa14, a low-homologous region existed in
RGAf-BB2 but the two remaining regions
showed 99.0% and 89.8% identity to the cor-
responding regions in Xa74 (Supplemental
Figure 7B). These results indicate that RGAf-
BB2 and RGAf-ZCL may confer Xoo
resistance.

To investigate this possibility, we transformed
a native promoter-driven RGAf-BB2 gene into
cultivars ZH11 and MDJ8. The transgenic
plants were named RGAf-BB2-ZH and
RGAf-BB2-MDJ, respectively. Xa2 has previ-
ously been reported to confer resistance to the Xoo strain
T7147, consistently, the IRBB2 plants obtained in this study
showed resistance to T7174 (He et al., 2006). Additionally, in 30
RGAf-BB2-ZH T, plants, 21 positive plants were highly resistant
to T7174 compared with negative plants and wild-type plants
(Figure 2B). The resistance was confirmed in three RGAf-BB2-
ZH T4 lines (Supplemental Figure 8) and similar results were
obtained with RGAf-BB2-MDJ plants (Supplemental Figure 9A
and 9B). Furthermore, bacterial growth and lesion length were
significantly reduced at 6-12 days in two positive T; lines
(Figure 2C and 2D). Although these results strongly suggest that
RGAf-BB2 was the Xa2 gene, we named it Xa7-2 to avoid
confusion.

Xa31(t) has previously been reported to mediate resistance to the
Chinese Xoo strain OS105. Considering the sequence identity
between RGAf-BB2 and RGAf-ZCL, IRBB2 plants were inocu-
lated with OS105 to determine whether Xa7-2 could confer resis-
tance. Indeed, IRBB2 plants were highly resistant to OS105
(Supplemental Figure 10A), and resistance was also present in
RGAf-BB2-ZH-3 and RGAf-BB2-ZH-6 plants (Supplemental
Figure 10B). These results strongly indicate that Xa31(f) and
Xa1-2 were the same gene.
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In addition, IRBB1 and IRBB14 plants were also resistant to

0S105 (Supplemental Figure 10A). Transgenic plants carrying
Xal in a ZH11 background (referred to as Xa1-ZH plants here-
after) and RGAf-BB14-ZH plants also showed OS105 resistance
(Supplemental Figure 10B). Moreover, all of the Xa1-ZH, RGAf-
BB2-ZH, and RGAf-BB14-ZH plants showed resistance to the
Xoo strain T7174 (Supplemental Figures 10B, 11, and 12).
RGAf-BB14-ZH and Xal-ZH plants were resistant to T7133
whereas RGAf-BB2-ZH plants were as susceptible as ZH11
(Supplemental Figure 10B), and neither Xa?l nor Xal-2
conferred resistance to PXO112 and PX0280 (Supplemental
Figure 10A and 10B). These results indicate that Xa7, Xa71-2,
and Xa74 each had a unique resistance spectrum.

iTALEs Suppress Xa1-2- and Xa14-Mediated Resistance

Xa1 has previously been reported to confer Xoo resistance by
recognizing multiple full-length TALEs, and this resistance can
be attenuated by some iTALEs, such as Tal3a and Tal3b in
PX099 (Ji et al,, 2016). To determine whether Xa7-2 and
Xa14 function in a similar way, we inoculated plants carrying
these genes with PXO99 and PB, a mutant in which both
Tal3a and Tal3b are knocked out (Ji et al., 2016). After
inoculation with PX099, IRBB2 and IRBB14 plants were as
susceptible as IRBB1 and IR24 plants. By contrast, PB-
inoculated IRBB2 and IRBB14 plants showed significant
resistance, similar to that observed for the IRBB1 plants
(Figure 3A). Moreover, similar results were obtained with
transgenic plants that carried Xa7-2 and Xa74. In contrast to
the PXO99 inoculation, the PB inoculation rendered RGAf-
BB2-ZH and RGAf-BB14-ZH plants more resistant, similar to
that observed for Xal-ZH plants (Figure 3B and
Supplemental Figure 13). These results strongly suggest that

—— — |z
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Multiple NLRs with CTRs Confer Resistance to Xoo

Figure 2. Isolation of Xa7-2 and Xa31(t).
(A) Comparison between RGAf-BB2/Xal-2 and
RGAf-ZCL/Xa31(t) gene structures. Oblique lines

8 8 indicate exons. Arrows indicate transcription start

< sites.

% % (B) Lesion length analysis of RGAf-BB2-ZH trans-

N N genic plants (Tp generation) after inoculation with

':E‘ ':E‘ the Xoo strain T7174. Significant differences were
i i detected between ZH11 and transgenic plants or

IRBB2 at P < 0.01 (indicated with “a”).

(C) Leaves of RGAf-BB2-ZH lines inoculated with
the Xoo strain T7174.

(D) Bacterial growth ratio in RGAf-BB2-ZH lines
after inoculation with the Xoo strain T7174. cfu,
colony-forming units.

Data are represented as mean + SD.

the resistance mediated by Xa7-2 and
Xa14 could also be suppressed by iTALEs.

The LRR Domains in XA1, XA1-2, XA14,
and RGAF Proteins Show Different
Substructures

Because some deletions/insertions were

found in the genomic sequences of Xaf,

Xa1-2, Xa14, and RGAYf, their protein struc-

tures were analyzed to identify motifs that

were essential for resistance. The N-termi-
nal sequences of the four proteins were highly conserved,
and all consisted of a BED finger domain and a nucleotide-
binding (NB) domain (Figure 4A). Interestingly, the LRR
domains of the four proteins all contained nearly perfect
tandem repeats, named CTRs here. Each CTR in the four
proteins was composed of 93 highly conserved amino acids
(Figure 4B) but the repeat numbers varied from four to six
(Figure 4A). XA1 was found to have six repeats, R1 to R6.
Compared with XA1, a deletion of a whole repeat was found
in XA1-2 (Figure 4A; Supplemental Figures 14 and 15), and
XA14 and RGAF both contained only four repeats
(Figure 4A). In addition to the repeats, all proteins contained
homologous regions in the N and C termini of the LRR
domains, designated here the Initial and Terminal LRR,
respectively (Figure 4A). XA14 contained an additional motif
between the Initial LRR and CTRs, designated the Linker,
that was not present in XA1 and XA1-2 (Figure 4A and
Supplemental Figure 16). RGAF contained an identical Linker
compared with XA14 but a unique motif not found in the
other three R proteins; this motif was designated the
intervening motif (Figure 4A and Supplemental Figure 17).
Further analysis showed that the intervening motif was also
present in RGAF-IR24, RGAF-MDJ8, and RGAF-ZH11, which
were encoded by other non-resistant alleles (Supplemental
Figure 18). Very recently, a study described the CTRs of
XA1, RGAF, and CGS-Xo14¢ (Read et al., 2020). In this work,
the CTRs were described as beginning at a different amino
acid residue. According to our results, they belonged to the
Initial LRR and were separated by the Linker or intervening
motif in XA14 and RGAF. Our CTR classification was based
on substructural comparisons among the four proteins and is
thus more conducive to application.

4 Plant Communications 1, 100088, July 13 2020 © 2020 The Author(s).
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To understand the geographic distributions and relationships
among different alleles, we analyzed the frequency of each allele
in a collection of 520 rice cultivars using PCR markers. Most ac-
cessions were of the RGAf type, followed by the Xa14 type, which
was especially common in indica rice. Both the Xa7 and Xa7-2
types were rare (Figure 4C and Supplemental Table 4) but their
frequencies varied among different geographic areas.
Interestingly, approximately one-fifth of the accessions from
China were of the Xa14 type. In addition, several accessions
from the Indian subcontinent and South Pacific area were of the
Xal4 type (Figure 4D, Supplemental Figure 19, and
Supplemental Table 4). The Xa7 type had a relatively higher
frequency in the United States and the Indian subcontinent than
other areas, and the Xa7-2 type was more frequently found in
the United States and Southeast Asia. Also, in some areas such
as Africa and Western Europe, all accessions were of the RGAf
type (Figure 4D, Supplemental Figure 19, and Supplemental
Table 4). These results suggest that these alleles were selected
differentially in different regions, a phenomenon that may be
partly related to the different geographic distributions of various
Xoo strains.

XA1, XA1-2, XA14, and RGAF Belong to a Unique NLR
Class Specific to Gramineae

To understand the evolutionary history of XA1, XA1-2, XA14, and
RGAF, we searched for homologous proteins using protein
BLAST at NCBI and the MSU Rice Genome Annotation Project
(RGAP) Database, as well as sequences obtained from
relevant articles. In Nipponbare, only RGAG, RGAD, and
LOC_0s04g22090.1 were classified as homologs. Other RGA
proteins at the Xa7 locus failed to show high enough homology
to RGAF (Supplemental Figure 20). Orthologs of the RGA
proteins in IR24, IRBB1, and IRBB14 were not included, as they
were highly conserved relative to corresponding proteins in
Nipponbare and were not representative, with the exception of
XA1, XA1-2, and XA14. We ultimately obtained 100 homologs,
including RGAF. Surprisingly, all homologs were from Gramineae
(Supplemental Table 5).

The homologs could be classified into five groups based on full-
length protein-based phylogeny and substructure analysis
(Figure 5A and 5B; Supplemental Table 6). Three-fourths of
them belonged to group I, which contained all motifs, including
Initial LRR, intervening motif, Linker, CTRs and Terminal LRR, in
their LLR regions, such as RGAF (Figure 5A-5C). NLRs
encoded by yellow rust resistance genes Yr5 and Yr7 in

(Figure 5B). Group Il was composed of eight

homologs without the Linker in their LRR
domains. Among the eight group Il homologs, six came from
Triticum turgidum, Triticum urartu, and Aegilops tauschii, which
are genome donors of common wheat, one from Oryza
glumaepatula, a kind of wild rice, and one from Leersia
perrieri, the nearest outgroup of genus Oryza (Figure 5B and
5C). XA14, which did not contain the intervening motif, was the
only protein in group Il (Figure 5A and 5B). XA1 and XA1-2 be-
longed to group IV, whose members contained neither the
Linker nor the intervening motif in the LRR region (Figure 5A).
One homolog from L. perrieri was also included in this group
(Figure 5B). Group V was composed of different types of
truncated proteins from various species (Figure 5A-5C).
Notably, almost all members of groups Il, lll, and IV appeared
later than group | members in the same clade, suggesting that
they may have arisen from group | homologs as a result of motif
deletions (Figure 5B).

Notably, the BED finger domain in RGAF, XA1, XA1-2, and
XA14 was missing from approximately one-third of the RGAF ho-
mologs. Thus, groups |, Il, and V could be further divided into two
subgroups, a and b, based on the presence or absence of the
BED finger domain (Figure 5A and 5B; Supplemental Table 6).
Except for members from group V, all other homologs
contained the Initial LRR, Terminal LRR, and CTRs, which
varied in number from one to nine units, and showed high levels
of sequence conservation in CTRs (Supplemental Table 7).
These results suggest that the substructure of LRR is essential
and conserved during evolution. Thus, all CTR-containing
homologs could be classified as CTR-NLRs. Together, these re-
sults clearly demonstrate that CTR-NLRs constitute a unique
class of NLRs in Gramineae.

Interactions among Xa1, Xa1-2, and Xa14 Lead to
Differences in Rice Disease Resistance

Dimerization or oligomerization through the TIR or CC domain has
been observed in some NLRs (Bernoux et al., 2011; Maekawa
et al., 2011; Deng et al., 2017; Wang et al., 2019), however,
whether BED-NLRs, such as XA1, XA1-2, and XA14, interact
with themselves or with one another remain elusive. In yeast,
the BED finger domain of XA1 and XA14, designated XA1-BED
and XA14-BED, respectively, could interact with themselves or
with one another (Figure 6A and Supplemental Figure 21A).
However, these interactions were weak and could be disrupted
by the NB domain (Supplemental Figure 21B-21D). Similar
interactions were found in rice protoplasts, and all interactions
appeared to occur in the nuclei (Figure 6B). To further confirm
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Figure 4. Different Substructures and Distributions of XA1, XA1-2, XA14, and RGAF.

(A) Domains and motifs in XA1, XA1-2, XA14, and RGAF. Percentages indicate sequence identity. Stars indicate missense mutations.

(B) Conserved amino acid residues in the CTRs of the four proteins shown by WebLogos.

(C) Ratios of Xa1, Xa1-2, Xa14, and RGAf alleles in the rice variety collection. Numbers above the columns indicate the total accession numbers of the

corresponding subpopulation.

(D) Geographic distribution of Xa7, Xa1-2, Xa14, and RGAf haplotypes in tropical and temperate regions in Asia. Relative frequencies of the haplotypes in
each area are represented by the colored sectors of the pie chart. The size of the pie chart is proportional to the number of varieties.

these results, we expressed XA1-BED and XA14-BED labeled
with 3XFLAG or 9xMyc in tobacco leaves for co-
immunoprecipitation. The results show that XA1-BED and
XA14-BED could form both homo- and heterocomplexes
(Figure 6C). Given that the BED finger domain in XA1-2 (XA1-2-
BED) is identical to that in XA1-BED, similar interactions may
exist among XA1-BED, XA1-2-BED, and XA14-BED.

Further analysis using hybrids derived from IRBB1, IRBB2, and
IRBB14 showed that these interactions could impede rice dis-
ease resistance. The IRBB14/IRBB1 hybrid was more suscepti-
ble to the Xoo strain PXO112 compared with the IRBB14 parent

(Figure 7A). Similar results were obtained with the reciprocal
hybrid IRBB1/IRBB14 (Figure 7B) and the F, plants derived
from both the IRBB14/IRBB1 and IRBB1/IRBB14 crosses
(Supplemental Figure 22). Next, the IRBB1/IRBB14 F,
individuals were inoculated with T7174, to which both IRBB1
and [IRBB14 plants were resistant. Surprisingly, the
hybrid showed greater susceptibility than either IRBB1 or
IRBB14 plants (Figure 7C). Similar results were obtained with
T7174-inoculated IRBB2/IRBB14 F, plants (Supplemental
Figure 23). By contrast, the IRBB1/IRBB2 hybrid exhibited the
same level of resistance as IRBB1 and IRBB2 when inoculated
with T7174 (Figure 7D). These results suggest that interactions
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Figure 5. RGAF Homologs Existed only in Gramineae.

RGAF homologs could be clustered into five groups, denoted |-V. Subgroups are indicated by a and b.

(A) Classification of RGAF homologs.

(B) Full-length protein-based phylogeny of RGAF homologs identified by BLAST as described in Methods. Numbers on the interior branches indicate the
bootstrap support values (%; only values greater than 50% are shown) from 1000 replicates.

(C) Number of RGAF-homolog in each group in different Gramineae species. Numbers on the right of the columns indicate numbers of RGAF homologs.
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Figure 6. XA14-BED and XA1-BED Interact with Themselves and One Another.
(A) XA14-BED and XA1-BED interact with themselves and one another in yeast. RecT and P53 were used as positive controls, and RecT and Lam were

used as negative controls.

(B) XA14-BED and XA1-BED interact with themselves and one another in rice protoplasts. cYFP, C-terminal portion of YFP; nYFP, N-terminal portion of

YFP.

(C) Interactions between XA1-BED and XA14-BED are confirmed in a co-immunoprecipitation assay. IP, immunoprecipitation.

between XA14 and XA1 or XA1-2 impaired resistance, whereas
the interaction between XA1 and XA1-2 did not.

DISCUSSION

Allelic variation is very important for the evolution of functional
genes in plants. Several formerly identified genes were subse-
quently found to be alleles of the same gene, this phenomenon
is especially common among resistance genes. In rice, many
blast resistance genes are allelic. For example, Pik, Pikm, Pik-p,
Pi1, and Pike are allelic to one another, Pi2 is allelic to Piz-t,
and Pid3 is allelic to Pi25 (Zhang and Wang, 2016). There are
also multiple alleles of Brown planthopper (BPH) R genes. After
BPH9 was cloned, another eight BPH genes were found to be
allelic to it (Zhao et al., 2016). Here, we showed that in rice-Xoo
interactions, Xa1, Xa7-2, and Xa14 are allelic, and Xa31(t) is the
same as Xa7-2. There are still other uncloned R genes located
near this locus, such as Xa12, Xa-25, Xa38, and Xo1 (Ogawa
et al., 1978; Gao et al., 2005; Cheema et al., 2008; Ellur et al.,
2016; Triplett et al., 2016). Although it is difficult to confirm that
these are also alleles due to the lack of related germplasms,
our results show that variations in this gene play important roles
in Xoo resistance in rice.

Interestingly, similar to Xal, Xa7-2- and Xa74-mediated resis-
tance can be attenuated by iTALEs, and it is likely that endoge-
nous iTALEs in some Xoo strains make them compatible
with plants that carry Xa1, Xa7-2, or Xa14. However, whether
there are direct physical interactions between iTALEs (or TALEs)

and XA1 or XA1-like NLRs remains unclear, and our ongoing ex-
periments suggest that iTALEs may only partially contribute to the
different resistance spectra of Xa7, Xa7-2, and Xa74 (data not
shown). This is consistent with a previous report that some
iTALEs also exist in many IRBB1-incompatible Xoo strains and
fail to suppress Xa7-mediated resistance (Ji et al., 2016). TALE-
encoding genes contain a large portion of repetitive sequence
and are multi-copied in many Xoo strains, therefore, the full char-
acterization of all TALE-encoding genes in different Xoo genomes
will facilitate future studies.

The different LRR domain substructures of XA1, XA1-2, XA14,
and RGAF homologs may be the main reason for the differences
in Xoo resistance. Sequences that encode the intervening motif
were present in many non-resistant alleles, such as RGAf,
RGAf-IR24, RGAf-MDJ8, and RGAf-ZH11. It seems that the inter-
vening motif may affect the function of other motifs and lead to
susceptibility. The Linker, however, may associate with other mo-
tifs during the Xoo-rice interaction, as Xa74 exhibited a different
resistance spectrum compared with Xa7 and Xa7-2. It is likely
that the Linker makes the conformation of XA14 slightly different
from those of XA1 and XA1-2 and leads to changes in the recog-
nition of potential interacting proteins, perhaps including some
TALEs. However, the Linker and intervening motifs were reported
here for the first time, and further studies are required to fully
characterize their functions in resistance.

It is also interesting that XA1, XA1-2, XA14, RGAF, and their ho-
mologs all contain CTRs in the LRR region. The CTRs were well
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Figure 7. Interactions among Xa1, Xa1-2, and Xa14 Lead to Differences in Rice Resistance.
(A) Lesion length analysis in IRBB14/IRBB1 F4 hybrids after PXO112 inoculation.

(B) Lesion length analysis in IRBB1/IRBB14 F4 hybrids after PXO112 inoculation.

(C) Lesion length analysis in IRBB1/IRBB14-3 F, plants after T7174 inoculation.

(D) Lesion length analysis in IRBB1/IRBB2-4 F; piants after T7174 inoculation.

Data are presented as mean + SD. The letter “a” indicates a significant difference compared with IRBB14 at P < 0.01.

conserved in sequence but varied in numbers even within the
same species. This may be the result of adaptation and evolution,
generating new genes to cope with different pathogens. The mol-
ecules or sequences with which CTRs can interact remain
completely unknown and present an interesting question for
future investigation.

The Phylogenetic analysis of RGAF homologs demonstrated
that XA1, XA1-2, XA14, and RGAF clustered in the same clade
and appeared later than many other homologs (Figure 5B).
Thus, it is likely that RGAf first originated from an ancestral
gene in a wild rice variety and Xa74 then originated from
RGAf, as suggested by the deletion of the intervening motif-
encoding sequence. Xal and Xa7-2 may have arisen from
Xal4, as suggested by the deletion of the Linker-encoding
sequence. However, it is difficult to determine whether Xa7 or
Xa1-2 is the ancestral gene, as the gain and loss of a CTR-
encoding sequence may occur at a similar frequency. Moreover,
the possibility that other paralogs were involved in the evolution
of these genes cannot be excluded. A recent report showed that
the Xo1 locus has expanded and contains 14 predicted NLRs in
the rice cultivar Carolina Gold Select (Read et al., 2020). Further
investigation of the exact number and content of NLR-encoding
genes at this locus in IRBB1, IRBB2, IRBB14, and other rice cul-
tivars will contribute to our understanding of the evolution of
these genes.

Xal, Xa1-2, and Xa14 encode atypical NLRs that contain the BED
finger domain, and we found that the BED finger domains of XA1,
XA1-2, and XA14 could interact with themselves or with one
another. Although there were other possibilities, such as their
full-length proteins being unable to interact with one another or
interactions with other RGAs or BED-containing proteins, the var-
ied resistance of the progenies of crosses among IRBB1, IRBB2,
and IRBB14 nonetheless provided insight into the complex rela-
tionships among Xa7, Xa7-2, and Xa14. One-fifth of rice cultivars
in China carry the Xa14 gene whereas cultivars from other areas
are more likely to contain Xa7 or Xa7-2. The results presented
here may be helpful for further applications of NLRs, such as
Xal, Xa1-2, and Xa14, especially in hybrid rice breeding and
production.

In addition, BED fingers were previously found to be DNA-binding
domains in many transposases and chromatin-boundary-
element-binding proteins (Aravind, 2000). Although it has been
described as an integrated decoy domain, evidence is still
needed for the cloned BED-NLRs. The BED domains in XA1,
XA1-2, XA14, and even RGAF were highly conserved and were
thus less likely to be decoys than LRR domains. Also, it seems un-
reasonable that these BED-NLRs contained two decoy domains
separated by an NB domain, as most confirmed decoys are
located at the C terminus of NLRs (Cesari et al., 2013; Le Roux
et al.,, 2015). Although the mechanisms by which the BED
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domain functions in the defense process are largely unknown, the
atypical architecture of BED-NLRs strongly suggests that they
will provide new insights into plant immunity.

METHODS

Plasmid Construction and Rice Transformation

Each of the fragments containing native promoter-driven Xa14, Xai, or
Xa1-2 was obtained using restriction endonuclease digestion and ligation
from three PCR products using IRBB14, IRBB1, and IRBB2 genomic DNA,
respectively, as templates. PCRs were performed using the Xa2-7F-2/
Xa14-19R, Xa2-12F-2/Xa2-14R, and Xa2-8F-K/Xa14-8R primers
(Supplemental Table 8). The PCR products were digested by BamHI/
Hindlll, BamHI/Sacl, and BamHI/Kpnl, respectively, and ligated one
after another into a modified pC1301 vector, in which the Sacl site had
been deleted.

All constructs were delivered separately into the Agrobacterium tumefa-
ciens strain EHA105. Rice transformation was then performed using the
calli of rice variety IR24, Zhonghua 11, or Mudanjiang 8 by the Agrobacte-
rium-mediated method (Lin and Zhang, 2005).

Pathogen Inoculation

The Xanthomonas oryzae pv. oryzae strains used in this study included
Japanese races T7174, T7147, and T7133, Chinese strains OS105 and
Fud23, Philippine strains PX099, PXO112, and PX0280, and PB, which
is an engineered mutant generated from PX099 (Ji et al., 2016). All
strains were cultured on potato-based medium for 2 days at 28°C. Rice
plants were inoculated with Xoo strains at the booting (panicle develop-
ment) stage by the leaf-clipping method (Chen et al., 2002). Lesion
lengths were measured 14 days after inoculation. All inoculations were
repeated at least twice with similar results, and only one replicate per
inoculation is presented.

WebLogos

WebLogos showing the conserved amino acid residues of the CTRs were
generated with WeblLogo 3 (https://weblogo.berkeley.edu/logo.cgi)
(Crooks et al., 2004). CTR sequences are presented in Supplemental
Figures 14-17.

Identification of RGAF Homologs

Most homologs were identified by protein BLAST at NCBI (http://blast.
ncbi.nim.nih.gov) using the RGAF sequence as a query. Accessions with
a Max Score >800, a Query Cover >50%, an E-value <0.01, and an
Identity >40% were classified as RGAF homologs. Homologs from the
RGAP database (http://rice.plantbiology.msu.edu) and relevant articles
were then identified manually using protein BLAST with the same thresh-
olds (Supplemental Table 5).

Phylogenetic Trees

Phylogenetic trees were constructed using the MEGA 5.2.1 software
(Tamura et al., 2011). The trees obtained by different methods, such as
maximum likelihood, neighbor joining (NJ), and maximum parsimony,
were similar, therefore, only the NJ trees with 1000 bootstrap replicates
are shown. The full-length protein sequences of the RGAF homologs
were used for Figure 7B. Full-length genomic sequences were used for
Supplemental Figure 1B and 7A.

Allele Analysis in the Rice Germplasm Collection

A population of 520 rice cultivar accessions, including indica subspecies
(indica, Aus) and japonica rice (temperate japonica, tropical japonica),
from micro-core germplasm resources was planted in an experimental
field at the Huazhong Agricultural University in the summer of 2019 (Xie
et al,, 2015). Due to a lack of sequence information for this locus in
all cultivars, the allele analysis was based on the assumption that all the

Multiple NLRs with CTRs Confer Resistance to Xoo

sequences were homologous to that of Nipponbare, including members
and the number of RGA genes. RGAf allele types were identified by
PCR using two pairs of gene-specific primers, Xa14-6F/Xa14-6R and
Xa2-19F/Xa2-14R (Supplemental Table 8). The analysis was performed
using sterilized water and the genomic DNA of Nipponbare, IRBB1,
IRBB2, and IRBB14 as negative and positive controls.

Yeast Two-Hybrid Assays

Fragments containing different domains of Xa74 or Xa1 were amplified
from the cDNAs of IRBB14 or IRBB1, respectively, using gene-specific
primers (Supplemental Table 8). The products were then inserted into
the pGBKT7 and pGADT7-Rec (Clontech) vectors by restriction endonu-
clease digestion and ligation. The paired constructs were co-
transformed into the yeast strain AH109. Co-transformants were plated
on synthetic medium without leucine, tryptophan, uracil, and histidine
and incubated for 3 days at 28°C. The plasmids pGBKT7-53/pGADT7-
RecT and pGBKT7-Lam/pGADT7-RecT were used as positive and nega-
tive controls, respectively. Each yeast two-hybrid assay was repeated at
least twice with similar results, and only one replicate is presented.

Bimolecular Fluorescence Complementation Assay in Rice
Protoplasts

Fragments encoding the BED domain of XA14 and XA1 were amplified us-
ing gene-specific primers and ligated into vectors pSPYCE(M) and
pSPYNE173, respectively (Supplemental Table 8) (Waadt et al., 2008).
Protoplasts were isolated from rice Oc suspension culture and
transformed using a polyethylene glycol method as described by Shen
et al. (2017). After incubation for 16-22 h at 30°C, the protoplasts were
observed under a confocal microscope (FV1200; Olympus). Spectral
settings for the detection of GFP fluorescence were excitation at
488 nm and detection at 500-525 nm.

Co-immunoprecipitation

Fragments containing the BED domain of XA14 or XA1 were amplified us-
ing gene-specific primers and ligated into the pU1031-9myc vector or the
pU1301-3FLAG vector (Supplemental Table 8) (Yuan et al., 2016). The
constructs were then introduced into the A. tumefaciens strain GV3101.
Agrobacterium-mediated transformation was performed by infiltration
into Nicotiana benthamiana leaves using needleless syringes. Proteins
were extracted from N. benthamiana leaves, incubated with anti-FLAG
beads (Sigma-Aldrich, St. Louis, USA), and washed as described
previously (Ma et al., 2017). Western blot analyses were performed
using anti-FLAG and anti-Myc antibodies (ABclonal, Wuhan, China). Co-
immunoprecipitation analysis was repeated twice with similar results,
and only one replicate is presented.

Statistical Analysis

Significant differences between control and treated samples were
analyzed by pairwise t-test using Microsoft Office Excel (Microsoft, Red-
mond, WA, USA).
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