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Abstract The XA21 protein has broad spectrum resis-

tance against Xanthomonas oryzae pv. oryzae. Although

Xa21-mediated immunity is well characterized, little is

known about the origin and evolutionary history of this

gene in grasses. Therefore, we analyzed all Xa21 gene

homologs in eight whole-genome sequenced rice lines, as

well as in four gramineous genomes, rice, Brachypodium,

sorghum and maize; using Arabidopsis Xa21 homologs as

outgroups, 17, 7, 7 and 3 Xa21 homologs were detected in

these four grasses, respectively. Synteny and phylogenetic

analysis showed that frequent gene translocation, duplica-

tion and/or loss, have occurred at Xa21 homologous loci,

suggesting that they have undergone or are undergoing

rapid generation of copy number variations. Within the rice

species, the high level of nucleotide diversity between

Xa21-like orthologs showed a strong association with the

presence/absence haplotypes, suggesting that the genetic

structure of rice lines plays an important role in the vari-

ations between these Xa21-like orthologs. Strongly positive

selection was detected in the core region of the leucine-rich

repeat domains of the Xa21 subclade among the rice lines,

indicating that the rapid gene diversification of Xa21

homologs may be a strategy for a given species to adapt to

the changing spectrum of species-specific pathogens.

Keywords Xa21 � Adaptive evolution �
Syntenic block � Positive selection

Introduction

Bacterial blight disease, caused by Xanthomonas oryzae pv.

oryzae (Xoo), is one of the most serious rice diseases, espe-

cially in Asia and Africa. To date, over 29 genes have been

reported with resistance to blight disease (Leung 2008) and

some were isolated. Among these genes, Xa21 encodes a

receptor-like kinase (RLK) with leucine rich repeats (LRRs),

a transmembrane domain and a cytoplasmic serine/threonine

kinase domain (Song et al. 1995). Xa21 was the first disease

resistance gene cloned from rice (Mew 1987), which was

isolated from the wild rice species Oryza longistaminata.

Because of its broad spectrum resistance against Xoo (Wang

et al. 1996), the Xa21 gene has been drawing the attention of

rice breeders since it was found, and Xa21-mediated

immunity has been well-studied (Park et al. 2010).

There is evidence to support that Xa21 is a member of a

multi-gene family located on rice chromosome 11 (Ronald

et al. 1992; Song et al. 1995). This family has seven

members which were cloned and grouped into two classes

based on sequence similarity (Song et al. 1997). Like Xa21,

Xa21-D encodes a receptor-like protein carrying LRR

motifs and displays partial resistance (Wang et al. 1998),

demonstrating that the LRR domain is responsible for race-

specific pathogen recognition. Within the Xa21 family,

there is also evidence of recombination both in intergenic
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and intragenic regions which are highly conserved.

Therefore, gene duplication and diversification are very

common during the evolution of the Xa21 gene family, and

these processes are thought to be associated with the cre-

ation of novel resistance phenotypes.

There are [1,000 RLKs and [300 LRR–RLKs members

identified in rice (Shiu et al. 2004; Tang et al. 2010). Most of

them are involved in a variety of cellular signaling processes

responding to diverse extracellular signals. Other than disease

resistance, RLKs play important roles in many biological pro-

cesses, including development and growth, in both animals and

plants (Fantl et al. 1993; Becraft et al. 1996; Stein et al. 1996;

Torii et al. 1996; Li and Chory 1997). As an active motif, LRR

domain commonly exists in plants and is usually combined with

other motifs. The LRR region tends to be highly variable and

subject to positive selection in resistance genes, consistent with

host-pathogen co-evolution (Parniske et al. 1997). In the Xa21

gene family, LRRs of different members may have evolved to

recognize different pathovars and may confer altered resistance

phenotypes (Song et al. 1997). Moreover, comparison of Xa21

and Xa21-D reveals that there are many non-synonymous

substitutions accumulated in the LRR regions resulting from

adaptive evolution (Wang et al. 1998).

Although there have been many studies on the Xa21 gene,

most of them are concerned with its activation and expres-

sion (Park et al. 2008, 2010; Xu et al. 2006; Song et al. 2006).

Song et al. have proposed a model for the evolution of Xa21

family members in rice (Song et al. 1997), but the evolu-

tionary history and pattern of Xa21 genes are largely unclear.

Recently, several gramineous and a few rice genomes were

sequenced. These genomes provided a great opportunity for

us to investigate the inter-species and intra-species evolu-

tionary patterns of Xa21 homologs. In this study, we iden-

tified variable copy numbers of Xa21 homologs (3–17) in

four gramineous genome sequences and analyzed the syn-

tenic blocks of Xa21 homologs, which may help us to

understand the origin and evolutionary history of these genes

in gramineous species. We also investigated the genetic

structure, variations of copy number of these genes within

rice species, and the nucleotide diversity between Xa21-like

orthologs. Our work may contribute to better understanding

of the selection upon Xa21-like genes within rice species and

between gramineous species.

Materials and methods

Whole-genome sequenced species

The fully sequenced gramineous genomes included one

sorghum (Sorghum bicolor), one maize (Zea Mays), one

Brachypodium (Brachypodium distachyon) and eight rice

(Oryza sativa) genomes. Among the eight sequenced rice

genomes, five were publicly available and the other three

were unpublished. Nipponbare (O. sativa L. ssp. japonica,

Release 6.1) whole-genome map-based sequences were

downloaded from the International Rice Genome Sequenc-

ing Project (IRGSP) (International Rice Genome Sequenc-

ing Project 2005; http://rgp.dna.affrc.go.jp/E/IRGSP/down

load.html). Two whole genomes assembled by shotgun

sequencing, 93-11 and PA64s (O. sativa L. ssp. indica), were

obtained from the Beijing Genomics Institute (BGI) database

(http://rise2.genomics.org.cn/page/rice/index.jsp). GLA4

(indica) and NK58 (japonica) whole-genome sequences

obtained by sequencing-by-synthesis technology were

downloaded from the National Center for Genome Resour-

ces (NCGR) (Huang et al. 2010; http://www.ncgr.ac.cn/

scientific_data.asp). The other three resequenced indica

genomes, MH63, SH527 and IR24, obtained using high-

throughput sequencing technology from Illumina, were kindly

provided by Ping Li (Sichuan Agricultural University, China).

Assembly and gene models of the other three gramineous

genomes, Sorghum (S. bicolor, v1.0; Paterson et al. 2009),

maize (Z. Mays cv B73; Schnable et al. 2009), and Brac-

hypodium (B. distachyon, v2.0), were obtained from the Joint

Genome Institute (JGI) (http://genome.jgi-psf.org/Sorbi1/

Sorbi1.home.html), MaizeSequence.org (http://www.maize

sequence.org/index.html) and http://www.Brachypodium.

org/, respectively. Arabidopsis thaliana sequences were

downloaded from the Arabidopsis information resource

(TAIR) (The Arabidopsis Genome Initiative 2000; http://

www.arabidopsis.org/).

Identification of Xa21 homologous genes

The amino acid and nucleotide sequences of XA21 described

by Song et al. (1995, 1997), as well as the other six family

members (Xa21-A1, -A2, -C, -D, -E, -F; Song et al. 1997)

were downloaded from GenBank. We used the amino acid

sequence of XA21 as a query to find homologs or orthologs in

rice (Nipponbare, 9311 and PA64s), maize, sorghum,

Brachypodium and A. thaliana genomes using TBLASTN

search. The threshold expectation value was set to 1E-150,

and the other numerical options were left at default values.

The candidate sequences were further surveyed to determine

whether they encoded kinase and LRR motifs using the Pfam

database v24.0 (E value cut-off of 10-4).

Xa21 homologs in the resequenced rice genomes were

retrieved by mapping of reads to the Nipponbare, 9311 and

PA64s sequences used as references (SHORE, http://source

forge.net/projects/shore/files). Aligned reads were picked up

with a cut-off of minimum 90 % identity over a read. Only

uniquely aligned reads (reads mapped to unique locations in

these reference sequences) were retained and low-quality

base sites (base-quality Q score in Phred scale \20) were

removed.
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Sequence alignment and data analysis

The amino acid sequences were first aligned by using the

MUSCLE program with default options (Edgar 2004), and

then MEGA v5.0 (Tamura et al. 2011) was used to manually

correct the alignments. The resulting amino acid sequence

alignments were then used to guide the alignments of the

nucleotide coding sequences (CDSs). Nucleotide diversity (p)

with Jukes and Cantor correction (Lynch and Crease 1990)

was calculated using DnaSP v5.0 (Librado and Rozas 2009).

To detect positive selection, we estimated the ratios of non-

synonymous (Ka) to synonymous (Ks) nucleotide substitu-

tions rates, also known as Ka/Ks, on the full-length coding

sequences (CDS) and core regions of the LRR domain. The

LRR core regions are 99L9L99 motif (L = Leu or other

aliphatic amino acid; 9 = any amino acid) including the

solvent-exposed residues (Wang et al. 2011). Phylogenetic

analysis based on the bootstrap neighbor-joining (NJ) method

with a Kimura 2-parameter model was performed using

MEGA v5.0. The stability of internal nodes was assessed by

bootstrap analysis with 1,000 replicates.

The Xa21 homologs and their flanking *100 genes

were used to investigate the gene collinearity in ortholo-

gous regions between rice and other gramineous species.

A gene pair was generated by TBLASTN search of the

most similar CDS sequence in other species against that in

rice. The relationships between gene pairs were visualized

by GenomePixelizer software (http://www.gnu.org/).

Results

Identification of Xa21 homologs in Gramineae

and Arabidopsis

Using the amino acid sequence of XA21 (GenBank ID:

AAC80225.1) and its reported homologs (Song et al. 1995,

1997) as queries, 52, 34, 15, 14 and 5 candidates of Xa21

homologs were detected in rice (Nipponbare), sorghum,

Brachypodium, maize and A. thaliana, respectively. Sub-

sequently, these candidate amino acid and CDS sequences

were aligned using the MUSCLE program (see Sect.

‘‘Materials and Methods’’). Based on the nucleotide

sequence alignments, a phylogenetic tree was constructed

by the bootstrap NJ method with a Kimura 2-parameter

model. In this phylogenetic tree, the five candidate Xa21

homologs in A. thaliana were clustered within the same

clade with a 100 % bootstrap value, and had the highest

similarity in the A. thaliana genome with Xa21 homologs

in the gramineous species. Interestingly, of these five

Arabidopsis genes, one (At5g20480) was identified as the

EFR gene, which has been confirmed to recognize the

surrogate peptide elf18 of bacterial elongation factor (EF)-

Tu (Kunze et al. 2004). When we used the five Arabidopsis

Xa21 homologs as an outgroup to define Xa21 homologs in

gramineous species, within the Xa21 clade, 17, 7, 7 and 3

Xa21 homologs were identified in rice, Brachypodium,

sorghum and maize, respectively (Table 1; Fig. 1). All of

these genes were also further verified to encode LRR and

Pkinase proteins using the Pfam database.

The LRR–RLK, FLS2 in Arabidopsis is the pattern-

recognition receptor for bacterial flagellin (Gomez-Gomez

and Boller 2000). Interestingly, the FLS2 protein has been

confirmed to also mediate the perception of Xanthomonas

Ax21 secreted peptides (Danna et al. 2011). Using the five

Arabidopsis Xa21 homologs (EFR clade) as outgroup 1 and

Arabidopsis FLS2 sequence as outgroup 2, a phylogenetic

tree was reconstructed (Fig. 1) together with 34 gramine-

ous Xa21 homologs and seven publicly available Xa21

sequences (Song et al. 1995, 1997). Within the gramineous

Xa21 clade, four distinct subclades (subclades 1–4) were

detected with 100 % bootstrap value, C60 % nucleotide

similarity within subclade and at least three gramineous

species in each subclade (Fig. 1; Table 1). It was clear that

the Xa21 homologs were distributed unevenly in each

subclade or gramineous species, and the rice genome in

Table 1 Numbers of Xa21 homologs in the four grass genomes and Arabidopsis

Clade Gramineous species Outgroups (A. thaliana)

O. sativa
(Nipponbare)

B. distachyon (Bd21) S. bicolor (BTx623) Z. mays (B73) Outgroup 1 EFR

homologs

Outgroup 2 FLS2

Cluster

no.

Gene

no.

Cluster

no.

Gene

no.

Cluster

no.

Gene

no.

Cluster

no.

Gene

no.

Cluster

no.

Gene

no.

Cluster

no.

Gene

no.

1 2 8 3 4 1 1 0 0 – – – –

2 1 4 1 1 3 4 1 1 – – – –

3 1 1 0 0 1 2 1 1 – – – –

4 2 4 1 2 0 0 1 1 – – – –

Total 6 17 5 7 5 7 3 3 2 5 1 1

The four clades are based on the phylogenetic tree in Fig. 1
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subclade 1 had the largest copy number (eight Xa21

homologs in two clusters; Table 1; Fig. 1), suggesting that

frequent gene duplication or loss may contribute to the

copy number variations in gramineous species.

Syntenic block analysis of Xa21 homologs

among gramineous species

The progenitors of rice, Brachypodium, sorghum, and

maize split *60 mya. While the sorghum and maize share

a common ancestor at *25 mya, the progenitors of rice

and Brachypodium split *45 mya (Gaut 2002). As shown

in Fig. 1, after the split of dicots and monocots, four dis-

tinct Xa21-like subclades survived in gramineous species,

suggesting that Xa21-like genes may have expanded in

gramineous species or their corresponding genes have been

lost in Arabidopsis. To further investigate the orthologous

relationships and the copy number variations of Xa21

homologs in gramineous species, the analysis of collinear

regions at Xa21 homologous loci was performed together

Fig. 1 Phylogenetic tree of

Xa21 homologs from four

gramineous species and

A. thaliana genomes. The

gramineous clade in the

phylogenetic tree was divided

into four major subclades based

on three criteria, which were

high bootstrap values (100 %),

high nucleotide similarity

within subclade (C60 %) and

species number in each subclade

(C3 out of 4 species). The two

outgroups were genes from

A. thaliana. Outgroup 1

contained EFR genes which had

maximum similarities toXa21 in

A. thaliana. Outgroup 2

consisted of the FLS2 gene

encoding a receptor which was

reported to recognize

Ax21-derived peptides. The

underlined genes were those

which had no synteny blocks

between the flanking regions of

these genes and the

corresponding regions of the

Xa21 homologs in rice genome
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with their flanking genes (see Materials and methods for

details). In the rice genome, 17 Xa21 homologs located at

six independent loci were distributed in all four phyloge-

netic subclades, whereas fewer Xa21-like genes and loci

were found in the other three grass genomes (Fig. 1).

Therefore, the six rice Xa21 homologous loci (Table 1)

were used as references to investigate their syntenic rela-

tionship among gramineous species.

Five apparent syntenic regions, including 16 rice Xa21

homologs, were detected among these species (Fig. 2 and

S2). For one rice Xa21 homolog, Os10g19160, we did not

find its corresponding syntenic regions in the other three

grass species. In subclade 1, two independent syntenic

regions (subclade 1a and 1b in Fig. 2 and S2, respectively)

were detected. In the syntenic region of subclade 1a, the

orthologous regions were found in all of the four grass

species, whereas Xa21 homologs were detected only in rice

and Brachypodium (Fig. 2), indicating that the Xa21

homologs in this subclade have a common ancestor(s) at

least in the BEP clade (Fig. S1). However, it was difficult

Fig. 2 Gene collinearity in orthologous regions between rice and other

gramineous species. Genes are indicated as black dots. Orthologous

genes are connected by blue lines. The genes marked with red circles

represent Xa21 homologs. a The syntenic relationship of the subclade

1a locus in Fig. 1 between rice and Brachypodium, b between rice and

sorghum, and c between rice and maize. (Color figure online)
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to determine whether the syntenically homologous Xa21

was lost in the Andropogoneae clade (Fig. S1) or these

Xa21 homologs were translocated to this region in the

ancestor of the BEP clade after these two grass clades split.

Interestingly, in this subclade, there were seven and three

Xa21 homologs in the rice and Brachypodium genomes,

respectively (Fig. 2), suggesting frequent number variation

after their split. On the other hand, Bd4g16130 and

Bd4g08300 had *94 % nucleotide identity in the Brac-

hypodium genome, which was significantly higher than the

identity (73 %) between Bd4g16130 and Bd4g16070.

However, Bd4g16130 and Bd4g16070 were located in the

same cluster of the syntenic region in subclade 1a (Fig. 2),

while Bd4g08300 was found far away from those two

homologous members, implying that this copy may have

recently translocated from the syntenic region to another

region. In subclade 1b, one syntenic Xa21 homolog was

found in each grass genome except maize (Fig. S2), sug-

gesting that this Xa21 homolog was lost in maize after the

sorghum/maize split. In the other three syntenic regions

(Fig. 2 and S2), similarities in the variable copy number

via duplication or loss, and frequent gene translocation of

Xa21 homologs, were also found in each subclade between

species (Fig. S2).

Variations of Xa21 homologs among eight

whole-genome sequenced rice lines

Using the whole-genome annotated data, 17, 15 and 21

Xa21 homologs were identified in the Nipponbare, PA64s

and 93-11 rice genomes, respectively (Table 2). Using the

53 rice Xa21 genes in these reference sequences, 17, 17,

21, 21, 21 and 21 homologs were assembled and identified

from the resequenced reads of GLA4, NK58, MH63,

SH527 and IR24, respectively (Table 2), indicating that the

numbers of Xa21 homologs were slightly different among

these rice genomes.

Using these 150 identified Xa21 homologs and the seven

publicly available Xa21 family genes (Song et al. 1997), an

intra-species phylogenetic tree was constructed. Using a

100 % bootstrap value, C3 rice lines and only one copy in

each rice line as grouping criteria, 27 distinct subclades were

grouped in this tree (Table 2). Variations in presence/absence

(P/A) of Xa21 homologs between rice lines were clearly

observed in each subclade (Table 2). A phylogenetic tree was

constructed to examine the variations in P/A of Xa21 homo-

logs in each subclade of each rice line (Fig. 3). Three distinct

haplotypes were observed based on the patterns of P/A poly-

morphism in Xa21 homologs. The MH63, IR2, SH527 and

9311, indica rice lines were all grouped in the same clade,

indicating that these genomes shared the same P/A polymor-

phism haplotype in these Xa21 homologs. Nipponbare and

NK58 are both japonica rice varieties and clustered together,

sharing the same P/A haplotype with the GLA4 indica rice

line. Interestingly, the P/A polymorphism haplotype in the

PA64s genome was intervenient between the two haplotypes

above, which is consistent with the report that PA64s resulted

from multiple crosses and that its genome is 55, 25 and 20 %

similar to that of indica, japonica and javanica, respectively

(http://rise2.genomics.org.cn/page/rice/index.jsp).

However, when using P/A polymorphisms in the 27

subclades to construct a phylogenetic tree, six distinct

groups were found (Fig. S4). Group I included eight

subclades, and one member in each of the eight rice gen-

omes was detected in each subclade, suggesting that these

genes are orthologs and have a conservative evolutionary

pattern in the copy number variations. However, in the

other five groups, including 19 subclades, Xa21 homologs

were absent in one to five out of the eight rice lines in each

subclade (Fig. S4 and Table 2), suggesting the rapidly

generated P/A variations in Xa21 homologous alleles in

rice lines.

Nucleotide polymorphisms and selective pressure

of Xa21 homologs among rice lines

Since Xa21 homologous genes in each subclade may be

potential orthologs in different rice lines, the nucleotide

diversity within each subclade was used to evaluate the

evolutionary rate of these genes. In the 27 Xa21 homolo-

gous subclades, the average nucleotide diversity (p) was

0.020 between rice lines, ranging from 0.0 (subclade 4) to

0.122 (subclade 15; Table 2), which was approximately

two-fold higher than that (1.15 %) in the comparison of

genomes between Nipponbare and 9311 (Tang et al. 2006).

Surprisingly, the average p of subclades in groups 1, 2 and

3 were 0.0314, 0.0405 and 0.0473, respectively, which

were approximately 6 to 27-fold higher than those in the

other three groups (Table 2).

In order to determine the factors leading to the high level

of nucleotide diversity, the genetic structure of these rice

lines was investigated. The above results showed that three

P/A haplotypes of the Xa21 homologs were observed in the

eight whole-genome sequenced rice lines. Therefore, the

nucleotide diversity was calculated within and between these

three P/A haplotypes (Table S1). In the three high level

nucleotide diversity groups (groups 1–3), the average p were

0.0012–0.0112 within haplotypes, which were similar to or

slightly lower than the diversity observed between rice

genomes (Tang et al. 2006), but were significantly lower than

their corresponding diversities among all rice lines or

divergences (Dxys) between P/A haplotype groups within

the same subclades (t-test, P \ 0.01; Table S1). On the other

hand, the average Dxys between P/A haplotype groups were

significantly higher than their corresponding diversities

among all rice lines within the same subclades (t-test,
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P \ 0.01; Table S1), suggesting that the genetic structure of

rice lines may contribute substantially to the high level of

nucleotide diversity and play an important role in the rapidly

generated variations between these Xa21-like orthologs.

To detect selective pressure, the Ka/Ks substitution rate

was calculated within the 27 rice subclades among the

eight rice lines (Table 2). When calculating the Ka/Ks

using the full CDS region, only three out of 27 subclades

had a Ka/Ks ratio over one. However, in the 99L9L99

motif of the LRR region (core region of LRR), which is

assumed to be a determinant of recognition specificity for

Avr factors (Ellis et al. 1999), eight out of 27 subclades had

Ka greater than Ks (Table 2). The functional Xa21 and

Xa21-D genes, cloned from wild rice (O. longistaminata)

and shown to confer resistance to Xoo (Song et al. 1995),

were clustered in subclade 10 (Table 2). Interestingly,

significantly higher Ka/Ks ratios were detected in the core

region of the LRR in this subclade, suggesting that these

genes selectively accumulated non-synonymous amino

acid substitutions for resistance to pathogens.

To further analyze the selective pressure on the Xa21

subclade in rice, another 54 publicly available Xa21 allelic

sequences were downloaded from GenBank (AY885769–

AY885800 and DQ374726–DQ374747), including 25 O. sa-

tiva (14 indica and 11 japonica), 19 Oryza rufipogon, 3 Oryza

glumipatula, 3 Oryza meridionalis, 2 Oryza nivara, 1 Oryza

longistaminata and 1 Oryza barthii. When comparing the

available Xa21 allelic sequences from 60 lines of cultivated and

wild rice, a high proportion (23.6 %) of pairwise comparisons

was also detected under positive selection in the LRR regions.

Moreover, three alleles could be considered as potential can-

didates for resistance genes to Xoo strains according to the

phylogenetic tree constructed by the 60 alleles (Fig. S5).

Discussion

Ancient origin and rapid accumulation of variations

in Xa21 homologs in gramineous species

In plants, multi-layer defenses are employed to defend

themselves against pathogenic organisms. The primary

layer of immunity, the pathogen-associated molecular

pattern (PAMP)-triggered immunity (PTI), relies on rec-

ognizing the conserved microbial molecules that act as

signatures of a whole class of microbes (Ausubel 2005).

Both FLS2 and EFR encode a transmembrane RLK con-

sisting of LRRs in the putative extracellular domain, which

bind conserved bacterial peptide PAMPs flg22 (derived

from flagellin) and elf18/elf26 (derived from elongation

factor Tu), respectively (Zipfel et al. 2006; Gomez-Gomez

and Boller 2000; Albert et al. 2010). FLS2 orthologs can be

found in a wide range of monocotyledonous and dicoty-

ledonous plant species, whereas EFR appears to be limited

only to Arabidopsis. In addition, the protein encoded by the

FLS2 homologous gene (OsFLS2, Os04g52780 in Nip-

ponbare) in rice has also been confirmed to be capable of

recognizing flg22 (Takai et al. 2008). In our study, only one

syntenic region with one FLS2 homologous gene in each

grass genome was clearly detected (Fig. S3), indicating that

FLS2 homologous genes may be evolutionarily conserved

and may play a basic defense role in plants (Takai et al.

2008).

On the other hand, the proteins inducing the second

layer of immunity, e.g., plant intracellular nucleotide-

binding site leucine-rich repeat (NBS-LRR) proteins, ini-

tiate strong defense responses upon recognition of specific

pathogen effector molecules (DeYoung and Innes 2006).

Our previous studies have shown that NBS-LRR genes are

extremely diverse and evolve rapidly within species or

between closely related species (Zhang et al. 2009; Chen

et al. 2010; Li et al. 2010; Yue et al. 2012). By comparing

the four whole-genome sequenced gramineous species,

considerable variation between species has been observed

with only 3.93 % of NBS-LRR conforming to a conserved

family, compared with 96.1 % conservation in selected

housekeeping genes, indicating that the striking lack of

conservation most likely reflects rapid gene diversification

as a result of pathogen-mediated selection pressures (Li

et al. 2010).

Similarly, XA21 proteins induce the second layer of

immunity and initiate defense responses upon recognition

of the specific secreted protein Ax21 (Lee et al. 2009).

Interestingly, the Arabidopsis EFR resistance gene showed

Fig. 3 Grouping of eight rice
lines based on the P/A status of

Xa21 homologs in 27 subclades.

This tree was constructed by the

discrete morphology

(parsimony) method using the

programs PARS of the PHYLIP

package v3.6. The diversity of

each subclade can be seen in

Table 2

1472 Genetica (2011) 139:1465–1475
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the highest similarity with Xa21 and its homologs in gra-

mineous species in this study (Fig. 1), suggesting that Xa21

homologs have an ancient origin. In addition, in contrast

with the evolutionary pattern of FLS2 alleles, frequent gene

duplication and/or loss and gene translocation were found

in Xa21 homologs among the four closely related gra-

mineous species. Compared to Brachypodium genome,

Gene duplication and translocation events in rice were

detected in 4 syntenic regions (Fig. 2 and S2). Therefore,

the rapid gene diversification of Xa21 homologs may be an

important strategy for species to adapt to the quickly

changing spectrum of species-specific pathogens.

Strongly positive selection and potentially resistant

candidates of rice Xa21 alleles

Many NBS-LRR genes (e.g., RPP13, RPP8, Pib, L, RGC2)

have exceptionally high levels of polymorphism (Kuang

et al. 2004; Dodds et al. 2006; Ding et al. 2007; Jiang et al.

2007). The extreme diversity of these loci was often the

result of positive selection, under which the ratio of its non-

synonymous (Ka) to synonymous (Ks) substitutions rate

was greater than one. Our data also showed that eight out

of 27 Xa21 homologous subclades had Ka greater than Ks

in the 99L9L99 motif among the eight whole-genome

sequenced rice lines (Table 2), suggesting the occurrence

of positive selection on these genes. Interestingly, in

subclade 10, which included the functional resistant genes,

Xa21 and Xa21-D, only non-synonymous substitutions

were found in the 99L9L99 motifs, indicating strongly

positive selection on this locus.

In addition, by comparing the sequences of 60 rice lines,

Tang et al. (2006) revealed that the silent nucleotide diversity

of Xa21 genes among rice cultivars was *0.002,

approaching our results in subclade 10 (Table S1). They also

found evidences of negative selection on this locus which

showed negative values of Tajima’s D. However, the LRR

regions, which participate in recognizing pathogens, are

usually under positive selection. Therefore, we calculated

the Ka/Ks ratios within the LRR regions between every two

of the 60 rice lines. As expected, pairwise comparisons

showed that approximately 23.6 % had Ka/Ks ratios greater

than one in the LRR regions. On the other hand, in the

99L9L99 motif of the LRRs, seven non-synonymous and

no synonymous substitutions were detected among these

sequences, further confirming that strong positive selective

forces acted on this region, which may be a determinant for

recognition of specific pathogenic effectors.

When a phylogenetic tree was constructed using the

99L9L99 motif sequences by the bootstrap NJ method,

60 Xa21 sequences were grouped in a distinct mixed clade

(Fig. S5), including cultivated and wild rice. No substitution

was detected in the sequences of this clade. However, for the

other five Xa21 sequences scattered outside of this clade in

the tree (Fig. S5), only non-synonymous substitutions were

detected compared with the 60 clustered sequences or with

each other. Interestingly, the functional resistance genes

Xa21 and Xa21-D were among those five Xa21 sequences,

suggesting that the non-synonymous substitutions may be an

important signature for resistance to Xoo strains. Therefore,

the other three Xa21 sequences with the selective accumu-

lation of the non-synonymous substitutions (Fig. S5),

DQ374727 from O. meridionalis, AY885771 from O. lon-

gistaminata and DQ374729 from O. glumipatula, may be

candidates for resistance genes to Xoo strains. However, this

hypothesis needs further experimental testing.
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