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Nucleotide-binding site (NBS) disease resistance genes play an important role in defending plants from a variety of pathogens and
insect pests. Many R-genes have been identified in various plant species. However, little is known about the NBS-encoding genes in
Brachypodium distachyon. In this study, using computational analysis of the B. distachyon genome, we identified 126 regular NBS-
encoding genes and characterized them on the bases of structural diversity, conserved protein motifs, chromosomal locations, gene
duplications, promoter region, and phylogenetic relationships. EST hits and full-length cDNA sequences (from Brachypodium
database) of 126 R-like candidates supported their existence. Based on the occurrence of conserved protein motifs such as coiled-
coil (CC), NBS, leucine-rich repeat (LRR), these regular NBS-LRR genes were classified into four subgroups: CC-NBS-LRR, NBS-
LRR, CC-NBS, and X-NBS. Further expression analysis of the regular NBS-encoding genes in Brachypodium database revealed that
these genes are expressed in a wide range of libraries, including those constructed from various developmental stages, tissue types,

and drought challenged or nonchallenged tissue.

1. Introduction

To ward off the attacks of bacteria, fungi, oomycetes, viruses,
and nematodes, plants have evolved various defense mecha-
nisms to protect themselves. One of the major mechanisms
is characterized by a gene-for-gene interaction that required
a specific plant resistance (R) gene and a cognate pathogen
avirulence (Avr) gene [1]. This type of specific resistance is
often associated with a localized hypersensitive response, a
form of programmed cell death, in the plant cells proximal
to the site of infection triggered by the recognition of a
pathogen product [2, 3]. Previous works show that the plant
genomes contain a large number of R-genes to counter a
variety of pathogens.

Most characterized R-genes contain the regions that
encode NBS at the N-proximal part and a series of leucine-
rich repeats (LRRs) at the C-proximal part [4]. The NBS
domain is involved in signaling and includes several highly
conserved and strictly ordered motifs such as P-loop, kinase-
2, and GLPL motifs [5], which has been demonstrated by the

binding and hydrolysis of ATP and GTP. However, the LRR
motif is typically involved in protein-protein interactions
and ligand binding with pathogen-derived molecules, sug-
gesting that this domain may play a pivotal role in defining
pathogen recognition specificity [6]. In plants, the NBS-LRR
genes have been subdivided into two main groups based on
the presence or absence of the N-terminal Toll/interleukin-1
receptor (TIR) homology region [7-9]. Most of those genes,
especially in the monocots which lack the TIR, have a coiled-
coil (CC) motif in the N-terminal region.

Previous studies show that the NBS-LRR class of genes is
abundant in the plant species. So far, a large number of NBS-
encoding sequences have been isolated from various plant
species: 149 such sequences are present in the Arabidopsis
thaliana genome [10], 535 in rice [11], 330 in poplar [12, 13],
333 in Medicago truncatula [14], 459 in grapevine [13],
55 in papaya [15], and 158 in Lotus japonicus [16, 17].
However, except a study which described the number of
R-like genes and their evolutionary pattern among four
different gramineous plants [18], no other information was



reported about the NBS-encoding genes in the Brachypodium
distachyon such as structural diversity and gene duplications.

Brachypodium is a very attractive model system for the
monocot lineage due to a number of favorable features,
including its small stature, simple growth conditions, rapid
life cycle, and genetic tractability [19, 20]. Brachypodium is
a member of the subfamily Pooideae and is closely related
to wheat, oats, and barley [21]. In addition to its obvious
utility as a model for the world’s most important food crops,
Brachypodium is also a highly tractable model for emerging
biofuel crops, such as switchgrass and Miscanthus [22].
In 2010, a draft sequence of the complete Brachypodium
genome sequence (diploid-inbred line Bd21) was released
[23]. This information is publicly accessible (http://www
.brachypodium.org/) and is particularly useful for explor-
ing gene families and predicting functional conservation
between species.

In the present study, we performed a genome-wide anal-
ysis for the NBS-LRR resistance genes in B. distachyon. We
identified a total of 239 NBS-encoding genes including 126
regular NBS genes and 113 nonregular NBS genes. Structural
diversity, conserved protein motifs, gene duplications, chro-
mosomal locations, phylogenetic relationships and promoter
regions were analyzed in all the regular NBS-LRR-encoding
genes to support their association. Meanwhile, expression
analysis of the regular NBS-LRR genes in drought stresses
and the tissue-specific libraries were carried out using the
Brachypodium database. These results would facilitate the
isolation of new resistance genes and offer more target genes
to engineer more disease resistant crops.

2. Materials and Methods

2.1. Identification of NBS-LRR Genes. The B. distachyon pro-
tein sequences (1.2 version) were downloaded from the
website http://www.brachypodium.org/ to construct a local
protein database. Method used to identify the NBS-encoding
genes in B. distachyon is similar to that described in
Arabidopsis and rice [10, 11]. The complete set of sequences
from the NBS genes was identified in the genome of B.
distachyon using a reiterative process. First, a set of candidate
NBS genes with the NBS motif was selected from the
complete set of predicted B. distachyon proteins using a hid-
den Markov model (HMM) [24] for the NBS domain
from the Pfam database (PF00931; http://pfam.sanger.ac
.uk/search). In the second step, the selected protein sequen-
ces were aligned based only on the NBS domain using
CLUSTAL W [25]. This alignment was then used to develop
a B. distachyon-specific HMM model to identify the B.
distachyon R-like sequences according to the method used
in Arabidopsis [10]. This step was crucial to find the max-
imum number of candidate genes. The refined HMM was
then compared again with the complete set of predicted B.
distachyon proteins. The threshold expectation value was set
to 1071% [11], a value determined empirically to filter out
most of the spurious hits. And then, some gene models were
manually modified if they lacked one or more of the con-
served motifs characteristic of that class of NBS-LRR gene
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TaBLE 1: The number of genes that encode domains similar to NBS
genes in two gramineae genomes.

Predicted protein domain Letter code B. distachyon ~ Rice?

Regular NBS-LRR type genes

CC-NBS-LRR CNL 102 160

NBS-LRR NL 12 0

X-NBS-LRR XNL 0 264
CNL and

NBS-LRR from TMRI XNL 0 16

Total 114 440

Regular NBS type genes

CC-NBS CN 11 7

X-NBS XN 1 25

Total regular NBS genes 126 472

Nonregular NBS genes

CC-NBS-LRR CNL 55 0

NBS-LRR NL

X-NBS-LRR XNL 2 40

CC-NBS CN 37 0

X-NBS XN 3 20

NBS N 12

TIR-NBS TN 0 3

Total nonregular NBS genes 113 63

Total NBS-LRR genes 175 480

Total NBS genes 239 535

Note: ?Data from Zhou et al. [11].

through gene prediction programs. In the third step, sequen-
ces of the predicted and manually modified NBS-containing
proteins were compared to the nr (nonredundant) database
by the BLASTP searches of the local database, allowing
the identification of regular and nonregular NBS-genes
[26]. Subsequently, the Pfam (http://pfam.janelia.org/),
InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/), and
PRODOM database (http://prodom.prabi.fr/prodom/cur-
rent/html/home.php) were used to determine whether the
corresponding NBS candidate proteins encoded the TIR,
NBS, or LRR motifs by default. The COILS programs
(http://www.ch.embnet.org/software/ COILS form.html and
http://toolkit.tuebingen.mpg.de/pcoils) were used to specifi-
cally detect CC domains [27]. The detailed protein motif and
domain information was used to classify the NBS-encoding
genes into subgroups.

2.2. Analysis of the Conserved Motif Structures and Gene
Duplication. The structural diversity among the identified
NBS genes was also investigated by us. The predicted ami-
noacid sequences were subjected to the domain and motif
analyses. For this purpose, the NBS domain was defined as
the region extending from the Pre-P-loop to the MHDV
motif; which contains about 300 aminoacids, based on
the Pfam. We performed the MEME (multiple expectation
maximization for motif elicitation) analysis [28] on the
126 regular NBS-LRR genes from our predicted candidate
proteins (Table 1) with the conditions: (1) optimum motif
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width was set to 6 and 50; (2) maximum number of motifs
was designed to identify 20 motifs; (3) the iterative cycles
were set by default. The nonregular genes were excluded from
the MEME analysis because their sequences in NBS were too
divergent or their motif lengths were too short to allow them
to be aligned well with the regular NBS genes. Moreover, B.
distachyon NBS gene-duplication events of the NBS genes
were also investigated. We defined the gene duplication in
accordance with the criteria: (1) the alignment covered >70%
of the longer gene; (2) the aligned region had an identity
>70%; (3) only one duplication event was counted for tightly
linked genes [29]. A block of duplications was defined if more
than one gene was involved in the duplication.

2.3. Chromosomal Locations of the NBS-LRR Genes and
Phylogenetic Analysis. The starting positions of all the NBS
genes were confirmed by Blat (http://genome.ucsc.edu/
FAQ/FAQblat.html) search using a local database containing
the complete B. distachyon genome sequences of each chro-
mosome. The recursive algorithm and AWT package were
subsequently used for the graphic portrayal of B. distachyon
NBS-LRR genes. For the phylogenetic analysis, multiple
alignments of the aminoacid sequences were performed by
Clustal W with default options and then by Gblocks [30] for
manual corrections of the alignments. The phylogenetic trees
were constructed based on the bootstrap neighbor-joining
(NJ) method with a Kimura two-parameter model by MEGA
[31].

2.4. Identification and Analysis of the Promoter Regions. For
each predicted regular NBS gene, the 2 kb upstream regions
were selected according to the position of the genes provided
by the B. distachyon annotation information. The extracted
sequences were screened against the PLACE database [32].
Regulatory elements overrepresented in the dataset and
known to be involved in regulation during the resistance
response and under stressed conditions were selected for
further analysis [33]. Among them, WBOX (sequence
TGAC(C/T)) associated with the WRKY transcription fac-
tors [34], CBF (GTCGAC) [35], and GCC boxes associated
with the ERF-type transcription factors [36] were retained
for further analysis.

2.5. Expression Analysis for the Regular NBS-LRR Candidate
Genes. To gain the insight into the expression profiles of
NBS-LRR genes in B. distachyon in different tissues and
tissues under the drought stress levels, the B. distachyon EST
database was searched using the identified NBS-LRR genes.
The data thus obtained was analyzed and grouped according
to the level of stress exposure and tissue specificity.

3. Results

3.1. Identification and Classification of the NBS-Encoding
Genes. Availability of the complete B. distachyon genome
sequences has made it possible for the first time to identify
all the NBS-encoding genes in this plant species. From the
first two steps of filters, a total of 239 NBS-encoding genes

Bradi4g10037.1 [ 1 }{ 3]
Gene fusion
Bradi4g09957.1 3 H
Bradi4g09957.1m

Bradi4g44560.1
Bradi4g44560.1m

Bradilg00227.1
Bradilg00227.1m

Bradi4g10037.1m2

Bradilg01397.1

Bradilg01397.1m

FiGUure 1: Manual modification of six gene models. Exons are
drawn approximately to scale as shading boxes; connecting thin
lines indicate the positions of introns, which are also drawn to scale.

were identified in the B. distachyon (Supplemental File 1
and Supplemental File 2). 6 gene models were improved
through manual modification, which were indicated with
an “m” beside the gene name (Figure 1). For each revised
gene model, the number of introns, exons and their positions
on the genome were determined by BLASTN search using
a local database containing the complete B. distachyon
genome sequences of each chromosome (Supplemental
File 3). Among of the six gene models, the sequence of
Bradi4g09957.1 m matched perfectly with the accession
number ACF22730.1 of GenBank and was thought to have
a wrong terminal exon. Bradi4g44560.1, Bradilg00227.1,
and Bradilg01397.1 were predicted as those which lacked
specific motifs or contained large deletions compared with
conventional NBS-RR genes even though they had appar-
ently intact ORFs. For example, Bradi1g00227.1 lacked a C-
terminal of the predicted protein as a result of a deletion at
the 3’end of the gene. Bradi4gl10037.1 was thought as the
gene fusion of Bradi4gl0037.1m1 and Bradi4gl0037.1 m2.
Through searching the B. distachyon EST database, we found
that all the revised gene models were supported by EST
evidence.

In the third step, we determine whether the identified
R-like genes belonged to regular or nonregular genes in
accordance with the criteria used in rice [11]: (1) The
alignment covered >70% of the longer gene; (2) The aligned
region had an identity >50%. Through the comparison
of nr database we considered 126 hits as the regular NBS
genes which primarily showed >50% identity with the
subject sequence of nr database, and the remaining hits were
defined as the nonregular NBS-encoding genes. Although the
nonregular genes contained the NBS structure, they were
notably different from the regular NBS genes because of
excessively short motif lengths or too divergent motifs. Thus,
we restricted our current analysis to the 126 regular NBS-
LRR genes

NBS domains of the NBS genes in A. thaliana could
be phylogenetically classified into two distinct groups, dis-
tinguished by the presence and absence of a TIR motif in
the N-terminal regions [9]. However, in the B. distachyon
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FIGURE 2: Examples of summarized and aligned MEME motifs for different domains of CNL proteins. All proteins were displayed in the
Supplementary Material (Supplementary File 4 available online at doi:10.1155/2012/418208).

genome, none of them contained the TIR domain. Therefore,
the sequences within NBS domains in regular NBS genes
could not give a clear classification for these genes. For these
reasons, we classified the regular NBS genes in B. distachyon
based on the N-terminal and LRR regions. As the non-TIR
genes from dicots typically have a CC motif in the N-terminal
region, we first identified 113 of 126 regular NBS-LRR genes
with CC motif from B. distachyon. In addition, some of the
regular NBS-LRR genes contained some unknown motifs,
which were symbolized as X. According to the differences
of the regular NBS-LRR genes in the N-terminal and LRR
regions, we finally classified them into four types: CNL, NL,
CN, and XN (Table 1).

3.2. Analysis for the Conserved Motif Structures in the Regular
NBS-LRR Genes. To investigate whether the N-terminal
region in regular NBS genes shared motifs, and to examine
whether the CC and non-CC gene groups also shared motifs
the genes and gene groups were analyzed together using the
program MEME. And, as expected, 20 putative conserved
motifs were found (Figure 2; Supplemental File 4) among
them. The detailed motif sequences were shown in Table 2.
The MEME results revealed that the N-terminal of NBS-
LRR genes was not very divergent as compared with those
of rice [11]. All the CNL and CN genes at the N-terminal
contained a Q(L/I/V)RD motif (Table 2; motif 8), as a non-
TIR motif that was present in nearly all the NBS-LRR
genes of different plant species [11]. And only one gene

(Bradi2g09434.1) among the remaining genes of other types
contained this conserved motif in the middle of its sequence.

Previous work identified eight major motifs in the NBS
region, and most of them have different patterns depending
on whether they are present in the TNL or CNL groups
[7]. In this study, the MEME results identified the motifs
that matched the eight major motifs identified previously
confirming that the NBS domain is the most conserved
region among the domains encoded by R genes. Intriguingly,
the eight motifs identified in B. distachyon were in the same
order with that found in the A. thaliana. And the P-loop,
Kinase-2, RNBS-B,GLPL and MHDV motifs showed high
levels of similarity between the R-like genes in B. distachyon
and A. thaliana, whereas RNBS-A, RNBS-C, RNBS-D, and
RNBS-E in the B. distachyon were quite dissimilar to their
counterparts in A. thaliana (Table 2). However, the eight
major motifs differed in their divergence within and between
the 102 CNL, 12 NL, 11 CN, and 1 XN groups. In addition,
a previous study showed that GLPL motif was the core
conserved domain of R genes [7]. In this study, we found
that 96 percent of the regular NBS-LRR genes contained this
motif in B. distachyon.

3.3. Duplications of NBS Genes. During evolution, both
segmental duplication and tandem duplication have con-
tributed to the large number of gene families in plants [37].
The gene duplications have greatly expanded the NBS gene
family in both monocot and eudicot lineages. In this study,
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TaBLE 2: The motif sequences identified by the MEME.

NO. Best possible match NBS motif
1 TCLLYLSAFPEDYEIERERLVRRWIAEGF RNBS-D
2 VRKLNVVSIVGFGGLGKTTLAKQVYDKIR P-loop
3 CPDMFKEVSNEILKKCGGLPLAIISISSL GLPL
4 ALYLSYDELPHHLKQCFLYCALYTEDSII RNBS-C
5 EETAEEYYYELIHRNLLQPDG —

6 ACRVHDMVLDLICSLSSEENF MHDV
7 FLKDKRYLIVIDDIWSTSAWR Kinase-2
8 NDTVRTWVKQVRDLANDVEDCLLDFVLYS —

9 VLSIVGFGGLGKTTLAKAVYR P-loop
10 IKCAFPDNEKGSRIIITTRNEDVANICCC RNBS-B
11 NLRYIGLRRTNVKSLPDSIENLSNLQTLD —

12 VSAADGALGPLLGKLATLLAEEYSRLKGVRGEIRSLKSELTSMHGALKKY —

13 IQTIPDCIANLIHLRLLNLDGTEISCLPESIGSLINLQILN —

14 GSFNIQAWVCVSQDYNEVSLLKEVLRNIG RNBS-A
15 SAHPNLEIIGMEIVKKLKGLPLAAKAIGSLL GLPL
16 PPLWQLPNLKYLRIEGAAAVTKIGPEFVG —

17 QLRPPGNLENLWIHGFFGRRYPTWFGTTF —

18 QGETIGELQRKLAETIEGKSFFLVLDDVW Kinase-2
19 IYRMKPLSDDYSRRLFYKRIF RNBS-C
20 LRTPLHATTAGVILVITRDDQIAMRIGVEDIHRVDLMSVEVGWELLWKSM RNBS-B

Note: The bolded sequence indicates the conserved NBS domain sequences.

we confirmed these genome duplications by the BLAST
comparison of all the predicted B. distachyon proteins against
each other. A total of 49 out of the 126 regular NBS genes
duplications were identified and were subsequently divided
into 20 gene families. The maximum number of family
members was seven, and the average number of family
members was 2.45. More robust analysis of gene duplication
in NBS-LRR genes was carried out by comparing recent
duplications of the NBS-encoding genes in Arabidopsis, rice,
and B. distachyon. Previous study showed that 472 regular
R-like genes were found in rice [11]. When more stringent
criteria were applied, 464 regular R-like genes in rice were
identified by Yang et al. [38]. Here, the analysis of gene
duplication among the three plant genomes was restricted
to their regular R-like genes. The results revealed that the
percentage of the multigene families (two or more members
per family) in regular NBS genes of B. distachyon (38.9%)
genome was significantly lower than in Arabidopsis and rice
(46.6 and 53.4%, resp.) genomes (Table 3). Furthermore,
the number of family members in B. distachyon (20) was
lower than both of the Arabidopsis and rice (25 and 93,
resp.). The average number of NBS members per multigene
family was 2.45 in B. distachyon, and also lower than that
of Arabidopsis (3.24) and rice (3). This analysis revealed
reduced duplications in the genome and multigene families
in B. distachyon. More interestingly, only two pair of NBS-
LRR genes (Figure 3) was found on duplicated chromosomal
segments. Thus, tandem duplication could play a major role
in the expansion of NBS-encoding genes in B. distachyon.

3.4. Chromosomal Locations and Phylogenetic Analysis of the
Regular NBS-LRR Genes. Figure 3 shows the locations of

TaBLE 3: Comparison of duplications in the NBS-encoding R genes
from the three plant genomes.

Organization B.distachyon Arabidopsis® Rice?
Single-genes 77 93 216
Multigenes 49 81 248
Number of family members 20 25 93

Maximal family members 7 7 10

Average members per family 2.45 3.24 2.67
Multigenes/single-gene families 0.64 0.87 1.14

Percentage of multigene families ~ 38.9% 46.6% 53.4

Note: #Data from Zhou et al. [11].
bData from Meyers et al. [10].

the regular NBS-LRR genes on the 5 chromosomes of B.
distachyon. They were separately located on each chromo-
some individually or in clusters, and their distribution was
non-random (Figure 3; Supplemental File 5). For example,
Chromosome 5 contains only 10 NBS-LRR genes, while
Chromosome 4 contains about one-third of the total regular
NBS-LRR genes. There was no obvious difference between
the distributions of the CC-and non-CC-types of genes on
the chromosomes. Studies on Arabidopsis and rice report
uneven chromosomal distribution of the NBS-encoding
genes, and most of the NBS-containing genes have been
found in clusters [9, 11]. Based on Houb’s (2001) [39]
definition of a gene cluster, it is a region that contains four
or more genes within 200 kb or less. In this study, we
found 43 genes (51%) resided in 11 gene clusters using a
sliding window size of 200 kb, and that the average number



Comparative and Functional Genomics

Chromosome location information

Chrm I Chr
0 Dradi1g00227.1m

hrm II Chrm III

Chrm IV ChrmV

—————
——

10

15

20

25 ——

30

35

(Mb)

e
40 -—u—_

45

50

55

60

65

70

75

== CNL
= NL

== CN

== XN

———

Bradi5ggl167.1

Sy

adi4g09957.1m

FiGURE 3: Distribution of the regular NBS encoding genes on the B. distachyon chromosomes. The scale is in megabases (Mb). Grey straight
line connects the NBS genes present on duplicate chromosomal segments.

of genes in a cluster was 4 (Supplemental File 5). For this
window size, two largest clusters contained 7 genes. One was
on chromosome 1, and the other was on chromosome 4.
However, no gene cluster was found on chromosome 3 and
5. If a sliding window size of 100 kb was used, 69% of NBS
domains occurred in clusters of at least two genes, which
was much lower than that in M. truncatula (79.8%) [14].
Further relaxing these clustering criteria with sliding window
size of 430kb, a significant fraction of B. distachyon NBS
were in two very large, extended clusters: one was at end of
chromosome 1 containing eight genes, and another was at
the end of chromosome 4 containing 11 genes.

3.5. Phylogenetic Analysis of the Regular NBS-LRR Encoding
Genes. The phylogenetic relationships, among the regular
NBS genes and the evolutionary history of this gene family
were inferred by constructing a combined phylogenetic tree
with the aligned regular R-like protein sequences. For the size
of the inferred tree image was too large, we divided it into
two parts (Figures 4(a) and 4(b)) on the basis of the clades
constructed from B. distachyon R-like genes. Figure 4 showed
phylogenies, including chromosome of origin (by sequence
name), gene relatedness, gene ortholog in A. thaliana and
rice, evolutionary rate, approximate expression levels, and

the regulatory element counts (Right). The phylogenetic tree
also showed the gene clusters of B. distachyon with labels
before the gene name in different color patterning. For exam-
ple, the majority of members in the largest gene supercluster
on chromosome 4 (by green circle patterning) happened to
cluster together in the phylogenetic tree. However, the rest of
gene clusters was not the case. Figure 4 also revealed the genes
due to chromosomal duplicate with their name in blue. For
example, Bradi4g09957.1 m and Bradi3g61040.1 are from
different chromosome, and they had 88.48% identification
between their aminoacid sequences, which showed that these
genes were possibly originated from genomic duplication
and subsequent divergence under the selective pressure of
pathogens. In addition, we found that 111 of these 126 R-
like genes from different chromosomes are the orthologs of
A. thaliana from the same chromosome 3, which showed that
the 111 R-like genes from B. distachyon and the chromosome
3 of A. thaliana may have evolved from a common ancestral
gene via speciation. However, it was not the case in rice. Even
the members from the same gene family of B. distachyon
had high similarity in protein sequences, their orthologs in
rice were still from different chromosomes. That may be
the reason that A. thaliana and Poaceae split far before the
separation of B. distachyon and rice.
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Ortholog Type EST WBOX CBF GCC

¢5-® Bradidg10037 1m2 AT3G07040.1, Os08g10440.1 CNL 74 26 5 0

64 @ Bradi4g10190 1 AT3G46730.1,0s10g22484.1  CNL 11 17 1 0

69l Bradiag10037 1m1 AT3G14470.1,0s11g44960.1 CNL 3 22 1 1

@ Bradidgl0017 1 AT3G14460.1, 0s06g49390.1 ~ NL 15 25 0 1

071 Bradi4g10220 1 AT3G14460.1, 0s12¢29710.1 CNL 3 27 0 1

© Bradidgl0180 1 AT3G46530.1,0s08g10440.1 CNL 52 6 9 5

@ Bradi4g10060 1 AT3G14470.1, Os11g45050.1 CNL 16 18 2 0

781 | g Bradidg10171 1 AT3G07040.1,0s10g04110.1 ~ NL 27 13 2 0

7V @ Bradig10207 1 AT3G07040.1,0s10g04110.1 ~ NL 49 13 0 0

 Bradi4g10030 1 AT3G46730.1,0s10g04110.1  CNL 54 17 0 0

991 Bradi2g03007 2 AT1G59780.1, 0s08g42670.1 ~CNL 44 18 5 0

 Bradi2g03007 1 AT3G07040.1,0s0708890.1 CNL 50 18 5 0

53 571 4 Bradi2g03060 1 AT3G46730.1,0s11g34920.1 CNL 69 20 4 1

68l A Bradi2g03020 1 AT3G14470.1, Os08g43050.1 CNL 18 9 1 1

Bradilg00237 1 AT4G33300.1,0s12g39620.1 CNL 0 16 15 2

@ Bradi1g29560 1 AT4G26090.1, 0s03g14900.1  CNL 25 13 1 1

Bradi2g03260 1 AT3G14470.1, 0s07g29810.1 CNL 4 18 1 2

—=5la Bradi2g03200 1 AT3G14470.1,0s11g45050.1 ~ CNL 2 22 7 0

Bradi3g28590 1 AT3G07040.1, 0s09g34160.1 CNL 0 19 0 1

Bradilg27757 1 AT3G14470.1, 0s12g03750.1 CNL 2 11 1 0

67 Bradilg27770 1 AT3G07040.1,0s10g046741 CNL 1 17 10 8

Bradilg15650 1 AT3G07040.1,0s08g16120.1 CNL 1 15 6 1

Bradi4g38170 1 AT3G14470.1, 0s08g19980.1 NL 1 37 0 2

Bradi4g03230 1 AT1G58410.1, Os10g10360.1 NL 121 30 1 0

5 Bradilg67840 1 AT3G46730.1, Os11g17014.1 NL 2 8 5 2

= Bradi5g15560 1 AT5G35450.1,0s08g14850.1 CNL 10 13 2 0

8 Bradi2g52150 1 AT3G14460.1,0s12g32660.1 CNL 3 17 0 0

Bradidg14697 1 AT3G07040.1, Os11g11960.1 CNL 11 15 6 2

ﬁ!i_‘:madﬁgs%lo 1 AT3G07040.1,0s10g21400.1  CNL 0 14 3 2

65 Bradi4g25780 1 AT3G07040.1, Os12g37770.1 NL 4 18 0 0

— Bradi4g281771 AT1G50180.1, Os11g41540.1 CNL 5 6 0 0

Bradi2g09480 1 AT3G07040.1,0501g23380.1 ~ CNL 0 25 2 4

Bradi2g36180 1 AT3G07040.1, Os12g37770.1 NL 1 17 5 6

58| A Bradi2g60260 1 AT3G46530.1, 0s08g28600.1 CNL 13 8 5 2

|- A Bradi2g60250 1 AT3G07040.1, 0s01g70080.1 NL 1 11 8 5

L A Bradi2g60230 1 AT3G46730.1, Os06g17880.1 CNL o0 13 3 1

A Bradi2g39847 1 AT3G14470.1, 0s08g19980.1 CNL 3 10 18 7

Bradi2g37990 1 AT3G07040.1, Os04g46300.1 CNL 6 23 0 3

Bradi3g22520 1 AT3G46730.1, 0s08g10440.1 CNL 2 18 0 0

Bradi5g17527 1 AT3G07040.1, Os01g36640.1 CNL 0 2 6 0

9g Bradi4g21890 1 AT3G07040.1, Os10g07978.1 CNL 89 7 2 2

Bradi4g21842 1 AT3G14470.1, 0s02g16270.1 CNL 2 12 9 0

Bradi5g03110 1 AT5G43470.1, Os11g43700.1 CNL 39 11 1 0

96L Bradi5g03140 1 AT3G07040.1,0s10g04110.1 CNL 6 9 0 0

Bradilg55080 1 AT3G14470.1,0502g16270.1 CNL 14 16 0 7

Bradi4g06970 1 AT3G14470.1, Os11g45050.1 CNL 1 17 0 8

Bradi4g09247 1 AT3G46530.1, Os11g27430.1 CNL 35 18 6 2

Bradi1g00227 1m AT3G07040.1, 0s08g28540.1 CNL 3 16 5 3

92L Bradi5g01167 1 AT3G07040.1,0s08g14850.1 CNL 5 13 0 4

Bradi2g21360 1 AT3G14470.1, Os11g45180.1 CNL 0 20 1 2

64 Bradi2g52840 1 AT3G14460.1, Os10g04120.1 CNL 5 24 0 0

Bradi2g51807 1 AT3G46730.1, 0s01g05620.1 CNL 2 18 0 0

W!:" Bradi4g09957 Im AT3G14470.1,0s11g45050.1  CN 13 11 2 4

661 Bradi3g61040 1 AT3G07040.1, Os10g04110.1 CN 5 6 7 1

Bradi5g22187 1 AT3G14470.1, 0s12g32710.1 CNL 24 20 4 2

] Bradi5g02367 1 AT3G46530.1, Os11g43700.1 NL 1 29 1 0

65 Bradi3g19967 1 AT3G07040.1, Os11g46210.1 CNL 0 14 0 0

70— Bradi5g02360 1 AT3G07040.1, 0s09g34160.1 CNL 8 3 15 2

Bradi4g33467 1 AT3G07040.1, Os11g16470.1 CN 10 17 2 0

= # Bradilg29434 1 AT3G07040.1, Os12g37740.1 CNL 4 25 5 4

# Bradilg29441 1 AT3G07040.1, Os01g36640.1 CNL 19 14 10 5

89 ® Bradilg29427 2 AT3G14470.1, Os11g44960.1 CNL 53 32 1 6

9414 Bradi1g29427 1 AT3G14470.1, 0s05g41290.1 CNL 48 32 1 6

Bradi2g35767 1 AT3G14470.1, 0s01g05620.1 CNL 15 14 0 0

Bradi2g36037 1 AT3G46730.1, Os11g43700.1 CNL 8 16 2 0

82 Bradi5g22547 1 AT3G07040.1, Os07g40810.1 CNL 22 18 1 0

921 Bradi5g22842 1 AT3G14470.1, 0s02g25900.1 CN 26 23 1 0

Bradi4g06460 1 AT3G46730.1, 0s05g40160.1 CNL 2 11 4 4

—74|: Bradi4g06470 1 AT3G14470.1, 0s06g16790.1 NL 6 14 3 4

Bradi4g05870 1 AT3G14460.1, Os07g04900.1 CNL 14 17 2 0

_|83 E Bradi3g41960 1 AT3G14470.1, 0s07g29820.1 CNL 0 11 6 1

66 Bradi3g41870 1 AT3G14460.1, 0s09g16000.1 CNL 23 5 0 0

g8, Bradilg00960 3 AT3G14470.1, Os11g45180.1 CNL 3 7 3 5

# Bradilg00960 1 AT3G14470.1, Os11g45050.1 CNL 3 7 3 5

Bradi3g60337 1 AT3G14470.1, Os11g45050.1 CNL 1 20 2 2

_84[4 o Bradi1g29658 2 AT3G07040.1, Osl1g46210.1 CN 9 14 3 1

95l Bradilg29658 1 AT3G14470.1, Os10g33440.2 CN 18 14 3 1

ToB |83
—
0.5
(a)

FiGgure 4: Continued.
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Ortholog Type EST WBOX CBF GCC

97 Bradilg50407 1 AT3G07040.1, Os11g11990.1 CNL 35 12 1 0
Bradilg50420 1 AT3G07040.1, Os10g04110.1 CNL 23 21 1 4
Bradi4gl7365 1 AT3G14460.1,0s06g16790.1 CNL 10 22 8 6
Bradi4g35317 1 AT3G07040.1, Os11g12330.1 CNL 53 17 6 0

A Bradi2g39517 1 AT3G14470.1,0s06g49390.1 CNL 11 23 0 5
ABradi2g39547 1 AT3G14470.1, 0s05¢16200.1 NL 16 22 1 0
Bradi4g39317 1 AT3G14470.1,0503g37720.1 CNL 9 22 2 2
Bradi4g21950 1 AT3G46530.1, Os11g11550.1 CNL 2 22 3 2

89 Bradilgd8747 1 AT3G14470.1,0s08g43000.1 CNL 4 20 7 6
_:BradingZSOOI AT3G46730.1, 0s11g39160.1 CNL 4 27 0 0
57{0Br'adi1g012501 AT3G46530.1,0s08g28540.1 CNL 30 17 1 3
58— Bradi4g09597 1 AT3G46730.1, 0s08g28540.1 CNL 29 14 2 4

To A < Bradidg15067 1 AT3G46530.1, 0s01g21240.1 CNL 37 18 14 4
83 Bradi2g12497 1 AT3G14470.1, 0s11g45050.1 CNL 30 8 4 0
Bradi2g09427 1 AT3G07040.1, 0s08g32880.1 CN 27 15 3 2
Bradi4g24887 1 AT3G14470.1, 0s05g41290.1 CNL 2 9 3 2

Bradi4g36976 1 AT3G07040.1, Os11g11960.1 CNL 11 19 9 0

Bradi4g01117 1 AT1G50180.1,Os11g41540.1 CNL 17 14 11 2
—————Bradidg16492 1 AT3G14470.1, Os11g45050.1 CNL 10 17 5 1

A Bradi2g39247 1 AT3G14470.1,0s11g10610.1 CNL 37 23 10 6

———— A Bradi2g60434 1 AT3G14470.1, Os11g44960.1 CNL 12 12 10 7
I Bradi4g20527 1 AT3G07040.1, 0s06g06380.1 CN 7 27 0 0
53] Bradi4g12877 1 AT3G14470.1, 0s06g15750.1 CNL 4 19 9 5
Bradidg04662 1 AT3G46730.1,0s11g43700.1 CNL 0 24 5 8

62— A Bradi2g39091 1 AT3G14470.1, Os01g15580.1 CN 9 22 2 1

A Bradi2g38987 1 AT1G50180.1, Os11g41540.1 CNL 16 9 4 1

59,9 Bradilg01407 1 AT3G14470.1, Os11g45180.1 CNL 10 20 1 0

@ Bradilg01397 1 AT3G07040.1, Os12¢37770.1 CNL 12 20 1 0

80l @ Bradilg01377 1 AT3G07040.1, Os12g37740.1 CNL 22 31 0 0

@ Bradilg01387 1 AT3G14470.1, Os04g53160.1 CNL 3 24 0 4

71 @ Bradilg01257 1 AT3G46730.1, Os11g14380.1 CNL 36 8 6 8

L] — Bradilg51687 1 AT3G46730.1, Os06g17880.1 CNL 2 20 2 0
6 77— A Bradi2g39207 1 AT3G46530.1, 0s08g10440.1 CNL 28 20 0 0
51|_E Bradi2g37172 1 AT3G46730.1, Os11g43700.1 CNL 1 17 6 0

52 L Bradi2g37166 1 AT4G26090.1, Os01g57870.1 CNL 13 8 2 3

67 Bradi4g03005 1 AT3G14460.1, Os01g57310.1 CNL 0 22 1 0

79 -E Bradi3g60446 1 AT1G50180.1, Os11g41540.1 CNL 4 17 0 0

— Bradi3gl5277 1 AT3G07040.1, Os11g35580.1 CNL 10 8 1 5

A Bradi2g39537 1 AT1G69545.1, Os01g711141 CNL 23 5 7 5

81— Bradi4g04655 1 AT3G46730.1, Os10g04110.1 CNL 2 41 2 2
_[ Bradi4g04657 1 AT3G07040.1, Os11g43700.1 CNL 1 29 2 1
§1/Bradi4g01687 1 AT3G07040.1, Os10g04110.1 CNL 25 27 3 0
Bradi4g01687 2 AT1G58390.1, 0s08g42670.1 CNL 29 27 3 0
Bradi3g42037 1  AT3G14470.1, 0s08g20000.1 CN 4 20 7 5

Bradi2g09434 1  AT3G14470.1, Os12g03750.1 XN 19 9 7 7

—— Bradi3g03882 1 AT4G26090.1, Os04g43440.1 CNL 9 35 3 0

QL Bradi3g03874 1 AT3G14470.1, 0s02g16270.1 CNL 17 15 1 1
Bradi3g03587 1 AT3G14470.1, Os01g71114.1  CN 5 9 1 0

66[ Bradi3g03878 1 AT1G69545.1, Os01g71114.1  CNL 6 8 2 0

A
0.5

(b)

FIGURE 4: Phylogenetic tree derived from 126 regular NBS encoding genes in B. distachyon. Chromosomal origin of each gene is indicated in
the sixth character (Bradi4, etc.) of each sequence name. Bootstrap values for important basal clades are indicated in black beside the branch.
Different color patternings indicate different gene clusters or superclusters. The genes belonging to duplicated chromosomal segments were
indicated with their gene names in blue. Columns on the right side show orthologs, domain configurations, numbers of EST, and predicted
regulatory elements (Supplemental File 1).
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3.6. In Silico Analysis of the Promoter Regions of the NBS-
Encoding Genes. We identified the promoter sequences in
2kb windows upstream of the predicted regular NBS-
encoding genes as described in M. truncatula [14]. Three
regulatory elements including the WBOX cassettes, CBF
boxes, and the GCC motif implicated in either response to
pathogens or plant stress were identified as being overrep-
resented in the 2 kb region upstream of regular NBS-LRRs.
The analysis results showed that WBOX element existed in
all the regular NBS encoding genes averaging 17.10 per gene
(Supplemental File 1; Figures 4(a) and 4(b)) and 80.95%
contained at least 11 predicted WBOXs. In contrast, the
average numbers of other element types were 3.36 (CBF)
and 2.01 (GCC). Of the predicted regular NBS-LRR genes,
51.6% contained the three multiple boxes. However, we see
no clear evidence of a correlation between the arrangement
of these promoter cassettes (WBOX, CBF, and GCC) and in
silico expression via EST counts.

3.7. In Silico Analysis of the Expression of NBS Encoding
Genes Based on the B. distachyon EST Database. To assess
which genes in this study had expression support, the coding
regions of the regular NBS-LRR genes were searched against
EST databases of B. distachyon with BLASTN. The matches
with 90% identity were considered to be significant. Our
analysis revealed that only 8 percent of the 126 regular NBS-
LRR genes were not supported by EST from B. distachyon
tissue-specific and drought stress-related libraries (Supple-
mental File 1). This result indicated that either the 10 NBS-
LRR genes were not expressed in all the conditions used for
analysis or that they were expressed in very low quantity,
which cannot be detected. Meanwhile, the large proportion
of genes with expression support testified to the high quality
of the initial genome annotation and provided very useful
information for further experimental verification.

4. Discussions

Many aspects of the NBS disease resistance gene family have
been extensively studied and described in other species [10—
17]. In this study, we identified 239 NBS-encoding genes in
the 1.2 version of the B. distachyon Bd21 genome, which
represents 0.77% of all the predicted proteins. The number of
NBS-encoding genes was consistent with that of Arabidopsis
Col-0 genome [10], but clearly lower than that of the rice
genome [11]. More interestingly, the same number of NBS-
encoding genes was identified by Li et al. [18] from the 1.0
version of the Bd21 genome when they analyzed the unique
evolutionary pattern of numbers of gramineous NBS-LRR
genes. However, the method used by them for estimating
the number of NBS-LRR genes does not allow us to repeat,
thus we could not investigate the relationship between these
data. But at least there was some difference between them just
judged from the descriptions of the two papers. For example,
in our study six gene models were manually modified by us,
but they did not mention that in their articlepaper. On the
other hand, the types classified by the domain of these R-
like genes and the number of each type were different, which
may be caused by the parameters set of our analytic software.

In sum, there was little in common between our studies
except for estimating the same number of R-like genes in
B. distachyon. They focused on research on the evolutionary
relationship of the R-like genes among the four grass species,
while our focus is to characterize these identified R-like genes
of B. distachyon in detail on the bases of structural diver-
sity, conserved protein motifs, chromosomal locations, gene
duplications, in silico gene expression, promoter region, and
phylogenetic relationships.

In addition, in order to examine whether our method is
feasible in identification of NBS-like genes from B. distachyon
Bd21, we manually counted all of the annotated NBS-
like proteins from NCBI. Only two NBS genes (accession
numbers GU733187 and ACF22730.1) in GenBank were
found on Chromosomes 2 and 4 separately, which cor-
responded with the Bradi2g51807.1 and Bradi4g09957.1 m
identified by us. More interestingly, one of these two genes
was misannotated during the automated annotation process.
Therefore, we undertook the complete manual reannotation
and analysis of the NBS-LRR gene family to rectify incorrect
start codon predictions, splicing errors, missed or extra
exons, fused genes, split genes, and incorrectly predicted
pseudogenes. At last six gene models were modified for
which the translation of predicted protein sequences did
not match other annotated conventional NBS-LRR proteins.
For example, the sequence of Bradi4g09957.1 m mentioned
above was reannotated with the wrong terminal exon, which
matched perfectly with the accession number ACF22730.1
of GenBank. And the sequences of Bradi4gl0037.1m2,
Bradilg00227.1 m and Bradi4g44560.1 m were reannotated
with either incorrect start codon predictions or deleted
protein motifs or domains, which were identical to the B.
distachyon sequences of XP_003577237.1, XP_003558418.1,
and XP_003577143.1 predicted by NCBI (released on 15
November, 2011), separately. However, these three sequences
were not annotated by the http://www.brachypodium.org/.
In silico gene expression showed that they all have EST
support, especially the gene model Bradi4g10037.1m2 which
was supported by 74 ESTs. Similarly, One-third of the
identified R-like genes were found in Arabidopsis [10], and
59 identified R-like genes were found in M. truncatula
[14] with annotation errors. Therefore, analyses using only
automated annotations without manual reassessment risk
misinterpretation, particularly when large gene families
are considered. Continual refinements to gene prediction
programs may reduce the rate of errors in annotation.

4.1. Domain Structures. The three-dimensional structures of
plant resistance proteins were based on research on their
animal homologs, but advanced technologies in molecular
biology and bioinformatics tools have enabled prediction
of the structures and mechanisms of interaction of specific
receptors with pathogen effectors [40]. The two main
domains of plant R proteins, NBS and LRR, seem to be the
most crucial in the pathogen recognition process and the
activation of signal transduction in the response to pathogen
attack. The NBS domain was characterized by NTPase activ-
ity, and it was suggested to play a crucial role as a molecular
switch activating signal transduction. Several conservative
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motives such as the P loop (Walker A or kinase 1), the RNBS-
A, kinase 2 (Walker B), RNBS-B, RNBS-C, GLPL, RNBS-D,
and MHD motifs can be distinguished in this domain [41].
Recently, NBS motif has been used as a molecular marker to
assess variation associated with potentially functional regions
of the genome underlying specific phenotypes [42]. And
the essential structural element of the LRR domain is the
tandem repeat of 20-30 aminoacids containing a consensus
sequence LxxLxLxxNxL, where L is a leucine residue or
another aliphatic aminoacid, N is asparagin, threonin, serine
or cystein, and x is any aminoacid [43—45]. A protein with an
LRR domain has to contain at least two LRR repeats. The
tertiary structure of a single LRR domain is usually a horse-
shoe-shaped superhelix, and each repeat forms other coils of
the superhelix. It is believed that LRR domains constitute a
platform for protein-protein interactions [44, 46].

Multiple alignment and MEME analysis among the
126 regular R-like genes in B. distachyon revealed that the
presence of conserved domains such as P-loop (motifs 2
and 9), RNBS-A (motifs 14), Kinase2 (motifs 7 and 18),
RNBS-B (motif 10), GLPL (motifs 3 and 15), RNBS-C (motif
19), RNBS-D (motif 1), and MHDV (motif 6) (Table 2).
From the MEME results, we found that not all the regular
genes contained these eight conserved motifs but at least
five of them. As for LRR domain, no significant motif was
found like the motifs that were in the NBS domain from our
meme results because the rates of aminoacid substitutions
in LRR domains were generally high. Paterson et al. was the
primary contributor to the evolution of resistance genes, in
that the beta sheets in this core region have more potential
for functional innovation than those in other regions [47].
For CC-motif, the analytic result of the Coils program was
consistent with that of MEME. All the regular R-like genes
with CC-motif at the N-terminal of sequences included the
motif 8 (Table 2). The domain analysis of these regular R-like
genes also showed that a majority of these genes contained
the three conserved domains mentioned above: CC, NBS,
and LRR, which belonged to the canonical classes described
in the literature [9, 10]. And a minority of genes had
less typical or atypical domain arrangements. For example,
Bradi2g09434.1 lacked the LRR domain but contained a
C-terminal AP2 domain. Bradi5g22187.1 (CNL) contained
a zef-BED domain at the C-terminal of its sequence like
in Populus [12], and there were also several genes with
atypical structure CNNL. They were uniformly distributed
on different chromosomes, supported by ESTs but were not
included in any multigene families or gene clusters.

4.2. Gene Distribution, Gene Duplication, and Phylogenic
Analysis. As is the case in other plant genomes, NBS genes
are also clustered physically in B. distachyon. 11 gene clusters
with different members are nonuniformly distributed on
chromosomes 1, 2, and 4 of B. distachyon. This is clearly
an outcome of the birth and death process that results from
tandem duplication or contraction in a cluster. Not only the
NBS-LRR genes of B. distachyon tended to cluster, but many
also lay in superclusters, such as a supercluster with 11 NBS
genes on the terminal of chromosome 4. It was also found in
M. truncatula, whose largest supercluster included 82 genes.

Comparative and Functional Genomics

These examples demonstrated the parallel expansion of both
gene copy number and diversity between the copies in a gene
cluster. Of course there are also some of NBS-LRR genes
which did not cluster together with any other NBS genes
in B. distachyon. These genes are singletons, some of which
are closely related to sequences elsewhere in the genome,
such as Bradi4g03005.1 and Bradi3g60446.1. Although they
are rare, these genes may play the role of pioneers, seeding
new regions of the genome with NBS-LRRs, and potentially
establishing new locations for future clusters.

Phylogenetic analysis of the 126 regular R-like genes
showed that all the members of each multigene family iden-
tified by us clustered together in the phylogenetic tree. But
it was not the case in their members of our identified gene
clusters. We found that most clades of the phylogenetic tree
were dominated by sequences from one chromosome (and
usually from one or a small number of genomic clusters),
but many also contained small numbers of sequences from
other chromosomes. These mixed clades could arise in
several ways: by chromosomal rearrangement (e.g., breakage
and fusion), by transposition, or by large-scale genomic
duplication. Examples were shown in Figure 4, such as the
mix clades which contained a subclade with ten sequences
from chromosome 4 and a subclade with 4 sequences from
chromosome 2 (at the top of Figure 4(a)). The presence of
heterogeneous phylogenetic NBS clusters in B. distachyon
resembles the situation in rice [48] and Arabidopsis [10].

4.3. Promoter Region and EST Expression. To examine the
expression levels of the regular NBS-LRR candidates from
different tissues of B. distachyon, each candidate was analyzed
using B. distachyon EST database. These genes are expressed
in a wide range of libraries, including those constructed from
various developmental stages, tissue types, and drought
challenged or nonchallenged tissues. Only 8% of the regular
NBS genes had no EST support, which reflects probably the
low levels of expression or the fact that the NBS genes are
only expressed under specific conditions in specific tissues.
Thus, it should be confirmed by further experimental
studies.

Besides this, the 2,000 bp upstreams of the NBS-LRR
genes were also examined by us. WBOX motifs have been
described upstream in the NPR1 gene (a positive regulator
of inducible plant disease resistance [49] and upstream of
most Arabidopsis pathogen response genes [50]). The results
showed each regular NBS-encoding gene contained this
regulatory element averaging 17.10 per gene, which is much
higher than that of M. truncatula. There was no significantly
correlation between the number of EST and WBOX motifs
in each gene. And the counts of EST and WBOX motifs vary
substantially between clades and even between highly similar
genes within the same clade of the phylogenetic tree.
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