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Abstract Host resistance is the most economical, effective
and ecologically sustainable method of controlling diseases
in crop plants. In bread wheat, despite the high number of
resistance loci that have been cataloged to date, only few have
been cloned, underlying the need for genomics-guided inves-
tigations capable of providing a prompt and acute knowledge
on the identity of effective resistance genes that can be used
in breeding programs. Proteins with a nucleotide-binding
site (NBS) encoded by the major plant disease resistance
(R) genes play an important role in the responses of plants
to various pathogens. In this study, a comprehensive analysis
of NBS-encoding genes within the whole wheat genome was
performed, and the genome scale characterization of this gene
family was established. From the recently published wheat
genome sequence, we used a data mining and automatic
prediction pipeline to identify 580 complete ORF candidate
NBS-encoding genes and 1,099 partial-ORF ones. Among
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complete gene models, 464 were longer than 200 aa, among
them 436 had less than 70 % of sequence identity to each
other. This gene models set was deeply characterized. (1)
First, we have analyzed domain architecture and identified,
in addition to typical domain combinations, the presence of
particular domains like signal peptides, zinc fingers, kinases,
heavy-metal-associated and WRKY DNA-binding domains.
(2) Functional and expression annotation via homology
searches in protein and transcript databases, based on suffi-
cient criteria, enabled identifying similar proteins for 60 %
of the studied gene models and expression evidence for 13 %
of them. (3) Shared orthologous groups were defined using
NBS-domain proteins of rice and Brachypodium distachyon.
(4) Finally, alignment of the 436 NBS-containing gene mod-
els to the full set of scaffolds from the IWGSC’s wheat chro-
mosome survey sequence enabled high-stringence anchoring
to chromosome arms. The distribution of the R genes was
found balanced on the three wheat sub-genomes. In contrast,
at chromosome scale, 50 % of members of this gene family
were localized on 6 of the 21 wheat chromosomes and ~22 %
of them were localized on homeologous group 7. The results
of this study provide a detailed analysis of the largest fam-
ily of plant disease resistance genes in allohexaploid wheat.
Some structural traits reported had not been previously identi-
fied and the genome-derived data were confronted with those
stored in databases outlining the functional specialization
of members of this family. The large reservoir of NBS-type
genes presented and discussed will, firstly, form an important
framework for marker-assisted improvement of resistance in
wheat, and, secondly, open up new perspectives for a better
understanding of the evolution dynamics of this gene family
in grass species and in polyploid systems.

Keywords Triticum aestivum - NBS - Resistance genes -
Biotic stress - Genome analysis
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Introduction

Bread wheat (Triticum aestivum L.) is the most economi-
cally important and widely grown crop in the world, which
has been farmed and consumed as staple food for thou-
sands of years. This hexaploid (2n = 6x = 42; AABBDD)
species originated from hybridization between cultivated
tetraploid (2n = 4x = 28; AABB) emmer wheat (Triticum
dicoccoides Korn.) and diploid (2n = 14; DD) goat grass
(Aegilops tauschii L.) approximately 10,000 years ago.
Susceptibility of wheat to multiple pathogens, including
fungi, bacteria, viruses and insects, hinders its production
increase and quality improvement. An efficient, economi-
cal, and environmentally friendly approach for disease
opposition is to use resistant cultivars. A prerequisite of this
approach is a comprehensive understanding of the genetics,
genomics and evolution of the genes controlling disease
resistance.

Up to date, thousands of resistance traits have been iden-
tified from different plant species since the early years of
the twentieth century (Ellis and Jones 2003), and more than
100 genes controlling disease resistance have been cloned
according to Plant Resistance Gene Database (PRGdb: htt
p://www.prgdb.org). Most of these cloned resistance genes
(R genes) encode nucleotide-binding site (NBS) and leu-
cine-rich repeat (LRR) domains and are thus called NBS—
LRR proteins. The NBS domain is homologous to the
nucleotide-binding site of ATPases, GTPases and various
other nucleotide binding proteins (Traut 1994) and includes
several highly conserved and strictly ordered motifs, such
as the P-loop, kinase-2 and GLPL motifs (Tan and Wu
2012). The C-terminal LRR domain consists of multi-
ple copies of an imperfect leucine-rich-repeat sequence
(Kajava 1998; Bella et al. 2008) and is devoted essentially
to protein—protein interactions (Jones and Jones 1997). Two
subfamilies of NBS-LRR proteins can be distinguished:
TIR-NBS-LRRs (TNLs) containing an N-terminal TIR
domain, originally identified as an intracellular part of the
Toll receptor in Drosophila and human interleukin 1 recep-
tor; and non-TIR-NBS-LRRs (non-TNLs) containing
other domains, the most frequent of which is the coiled-coil
(CC) domain that functions in oligomerization processes
like the TIR domain (Oakley and Hollenbeck 2001). It
should be emphasized that these subfamilies differ not only
in terms of the presence or absence of the TIR domain but
also in terms of the sequence of the NBS domain (Meyers
et al. 1999).

While in dicotyledonous plants, both TNLs and non-
TNLSs may occur, all so far detected NBS—-LRR proteins in
monocots are non-TNLs (Marone et al. 2013a). Analyses
of different plant genomes (Arabidopsis thaliana, Popu-
lus, Oryza sativa) have shown that the non-TNL proteins
are characterized by a high structural diversification (Miller
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et al. 2008) that can be illustrated as follows: (1) first, based
on CC, NBS and LRR domains, proteins with two NBS
domains (CC-NBS-NBS-LRR), as well as proteins lack-
ing the LRR domain (CC-NBS) and others exclusively
composed of a single NBS domain (NBS) have been iden-
tified in various plants (Zhou et al. 2004; Krattinger et al.
2011; Sanseverino and Ercolano 2012); (2) secondly, apart
from NBS, LRR and CC, the presence of several additional
domains has been recently discovered, such as WRKY
transcription factors (R gene repressors) which are deac-
tivated by barley MLA proteins following recognition of
avirulence (Avr) proteins of Blumeria graminis (Liu and
Coaker 2008). These recent findings make the classification
of NBS-type R proteins still far from being conclusive and
raise new questions concerning the possible involvement of
new classes in the resistance process.

With access to the full-genome sequence of many mono-
cot and dicot species, NBS-encoding R genes have been
predicted and annotated. For example, it has been the case
of Arabidopsis (Meyers et al. 2003), rice (Wang et al. 2004;
Monosi et al. 2004), Medicago truncatula (Ameline-Torre-
grosa et al. 2008) and sorghum (Paterson et al. 2009). The
number of NBS-encoding genes that have been identified
in several plant species through genome-wide analyses,
as extensively reviewed by Marone et al. (2013a), ranged
from about 50 in Carica papaya (Porter et al. 2009) and
Cucumis sativus (Wan et al. 2013) to 653 in O. sativa L.
spp. indica (Shang et al. 2009).

For several years, the very large size and polyploidy
complexity of the bread wheat genome have been substan-
tial barriers to genome analysis. However, recently, Brench-
ley et al. (2012) have reported the sequencing of this large
17 Gigabase-pair hexaploid genome using 454 pyrose-
quencing technology. Purified nuclear DNA was sequenced
to generate 220 million reads (85 Gb of sequence), corre-
sponding to approximately fivefold coverage of genome
size. The T aestivum whole genome shotgun (WGS)
sequencing project is accessible for exploration from the
NCBI web site (http://www.ncbi.nlm.nih.gov/bioprojec
t/PRJEB217) and consists of two assemblies: (1) The OA
genic sub-assembly dataset (EMBL bank accession range
CALOO01000001-CALO01945079) that consists in the
mapping and assembly of wheat raw reads on Orthologous
Group (OG) representative grass genes from Brachypodium
distachyon, Sorghum bicolor, O. sativa and Hordeum vul-
gare; and (2): The Low Copy-number Genome assembly
(LCG) (EMBL bank accession range CALP010000001—
CALPO015321847) that was constructed by filtering-out
repetitive sequences and assembling the remaining low copy
sequences de novo. Both assemblies were submitted to Gen-
Bank in January 2013 and are at contiguous sequences (con-
tigs) level. Although fragmentary and lacking functional
annotation and sub-genome/chromosome assignments,
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these assemblies form a powerful framework for identifying
genes, accelerating further genome sequencing and facilitat-
ing genome scale analyses (Brenchley et al. 2012).

The development of a wheat reference genome sequence
and complete gene annotation is currently being a major
goal of the International Wheat Genome Sequencing Pro-
ject (http://www.wheatgenome.org/). Although the achieve-
ment of this goal at the whole genome scale is currently
making progress, it takes considerable time, because of the
huge and highly repetitive character of the wheat genome.
In anticipation to this milestone, the annotation of single
protein families or sets of related protein families making
up a single biological subsystem is a challenging goal that
could be reached at short-term and could lead to improve-
ments when compared to the genome °‘gene-by-gene’
annotation.

In this paper, in silico search in the wheat genome draft
was conducted to identify, nearly exhaustively, members of
the NBS-encoding disease resistance gene family. A char-
acterization package of these candidate genes was applied
that included the annotation of their structural domains,
homology-based classification, expression evidence, anal-
ysis of orthology with two model species and genomic
localization.

Materials and methods
Retrieval of candidate wheat NBS-encoding loci

The LCG assembly of T. aestivum (5,321,847 contigs;
3,800,325,216 bp) was downloaded in 14 fragment Fasta-
format files, from the National Center for Biotechnology
Information NCBI database (http://www.ncbi.nlm.nih.
gov/Traces/wgs/?val=CALPO1). These files were trans-
lated in 6 reading frames, using transeq algorithm from
the software package of the European Molecular Biol-
ogy Open Software Suite (EMBOSS version 6.5.0.0,
ftp://emboss.open-bio.org/pub/EMBOSS/) and the result-
ing files were used as a local database in the subsequent
search. Aiming to track the NBS domain, we used a set of
422 non-redundant and full length NBS domains belong-
ing to different Triticeae species. This sequence set was
identified through PsiBlast search (Altschul et al. 1997) in
NCBI GenBank protein database (nr), with the following
parameters: e-value cutoff = 1077, species: taxid: 147389,
matrix: BLOSUM-62, initial matrix seed: gblACO53397,
number of iterations: 6. Following manual cleaning, these
422 Triticeae NBS sequences were aligned with Muscle
(http://www.ebi.ac.uk/Tools/msa/muscle/) (Fig. S1). A
Hidden Markov Model (HMM) profile was produced from
alignment, using hmmbuild tool (HMMER 3.0, http://hm
mer.janelia.org/) with default settings. This original HMM

profile was applied to the 6-frame translation of wheat
contigs, using hmmsearch tool (HMMER 3.0, http://hmm
er.janelia.org/) and all nucleotide contigs corresponding to
NBS domains were retrieved using seqret tool (EMBOSS
version 6.5.0.0, ftp://emboss.open-bio.org/pub/EMBOSS/)
and merged into a unique multiFasta file using DNA Baser
sequence assembler v. 3.5.4.2 (http://www.dnabaser.com/).
This file was checked for any redundant contigs, using cd-
hit-est  (http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/
index.cgi?cmd=cd-hit-est) and manual removal. Finally,
the obtained non-redundant contigs were splitted into indi-
vidual Fasta files using seqretsplit command of EMBOSS.

Identification of candidate wheat NBS-encoding R genes

All contigs identified were submitted to ab initio gene
prediction, using the web version of FGENESH (http://w
ww.softberry.com) (Salamov and Solovyev 2000), with
parameters for monocot plants. For gene models display-
ing a complete ORF structure extending from ATG to
Stop codon, and those having a truncated ORF, amino
acid sequences were placed in two separate multifasta
files. Within both files, gene models were labeled by add-
ing the suffix “—1” to the name of the locus (contig) where
they were predicted. In case of multiple predictions in the
same contig, suffixes ‘—1°, ‘=2°, ‘=3’, etc... were used.
Both multifasta files (each containing a batch of gene mod-
els) were subsequently submitted to Pfam v. 27.0 database
(http://www.sanger.ac.uk/Software/Pfam/) to select, within
each file, only gene models showing at least one signifi-
cant NBS domain (default e-value = 1). The number of
sequences within each file was thus reduced and the sizes
of the retained gene models were subsequently determined
with sizeseq tool (EMBOSS version 6.5.0.0, ftp://emboss.
open-bio.org/pub/EMBOSS/). For complete gene models,
only those hypothetical proteins longer than 200 amino
acids were retained, based on an average size of the core
NBS domain of ~170 aa in Pfam database (http://pfam.san
ger.ac.uk/family/NB-ARC#tabview=tab4). Following size-
based selection, complete gene models were submitted to
cd-hit-est protein clustering algorithm (http://weizhong-
lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est)
calibrated for 70 % similarity cutoff, in order to keep one
representative from sequences that may be encoded from
allelic or duplicated paralogous genes. The resulting data-
set made of complete gene models sized more than 200 aa
and non-similar at threshold 70 % was used for the subse-
quent characterization pipeline.

Structural characterization

For each gene model, size (aa), number of exons, nucleo-
tide span and strand (£) were determined directly from
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FGENESH output. For further characterization including
the NBS domain associations with other domains such as
the CC motif (in the N-terminal region) or the LRR one (on
the carboxy-terminal region), we used Geneious 6.1.5 (htt
p://www.geneious.com) with added plugins (coiled-coil
and transmembrane prediction tools), in order to (1) submit
in batch all gene models for protein signature analysis via
internet connection to InterProScan with its 13 integrated
databases (Gene3D, HAMAP, PANTHER, Pfam, PIR super
family, PRINTS, PROFILE, PROSITE, SignalP, SMART,
Pro-Dom, SUPERFAMILY, and TIGRFAMs); (2) predict
coiled-coils (CC); (3) predict transmembrane domains; and
(4) predict cellular topology (protein cytoplasmic/extra-
cellular regions). All structural analyses performed with
Geneious were saved in graphical format (jpg).

Multiplex protein homology and expression evidence

Evidence of protein homology was inferred from BlastP
(Altschul et al. 1997) against GenBank Non-Redundant
protein sequences database (nr) without taxonomic restric-
tion. Evidence of expression was inferred from TBlastN
(Altschul et al. 1997) against GanBank Expression
Sequence Tags database (dbEST) and Transcriptome Shot-
gun Assembly Sequence Database (TSA), with restriction
to T. aestivum (taxid:4565). For each operation, complete
gene models sized more than 200 aa and non-similar at
threshold 70 % were submitted in batch to GenBank Blast
server  (http://www.ncbi.nlm.nih.gov/genbank/). Based
on results, a method of classification was developed (Fig.
S2) that is similar to “Guidelines for Annotating Wheat
Genomic Sequences” (Release 1) published on June 2006
by the “Annotation Working Group” of the “International
Wheat Genome Sequencing Consortium IWGSC” (http://
wheat.pw.usda.gov/ITMI/Repeats/gene_annotation.pdf).

Proteomic comparison

The predicted whole proteome and domain annotations of
O. sativa (version 7.0) and B. distachyon (version 1.2) were
retrieved from the ftp server of the Rice Genome Annota-
tion Project (RGAP) (http://rice.plantbiology.msu.edu/) and
the ftp server of the Munich Information Center for Protein
Sequences (MIPS) (http://ftpmips.helmhottz-muenchen.de/
plants/brachypodium/v1.2), respectively. Using domain
annotations of these two proteomes, all predicted pro-
teins containing an NBS domain were retrieved from the
proteome using seqret (EMBOSS 6.5.0.0) and placed in
separate files. These NBS domain-predicted proteins of O.
sativa and B. distachyon were used for comparison with
T. aestivum complete gene models sized more than 200 aa
and non-similar at threshold 70 % that were determined in
the present study. NBS proteins from all three species were
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assigned to orthologous clusters using OrthoMCLdb (http
:/lorthomcl.org/), and a three-way Venn diagram was con-
structed that shows the distribution of shared orthologous
groups among species.

Localization in T. aestivum genome

While no complete physical map has yet been developed
for T. aestivum, chromosome and chromosome arm-spe-
cific scaffolds are available at the IWGSC Survey Sequence
repository (http://wheat-urgi.versailles.inra.fr/Seq-Reposi-
tory/) with access to blasting and download. Thus, it was
interesting to determine the genomic distribution of 7. aes-
tivum NBS-encoding gene family members, at chromo-
somes, sub-genomes and arms levels. To this aim, DNA
sequences of gene models identified in our study were
individually used to perform BlastN against the full set
of scaffolds from the IWGSC’s wheat chromosome sur-
vey sequence (CSS), including repeats. Access to IWGSC
wheat genome data was done through The Genome Analy-
sis Center (TGAC) bread wheat Blast server (http://tgac-
browser.tgac.ac.uk/iwgsc_css/blast.jsp),  providing the
advantage of simultaneous queuing of 3 Blast jobs.

Results
Identification of NBS genes

Screening the wheat genome translations with the Trit-
iceae-specific HMM profile of the NBS domain and the
subsequent removal of redundancies have resulted in 3,010
contigs. Among these, 1,032 did not produce any gene pre-
diction, while 1,978 produced at least one gene model per
contig, leading to a total of 2,081 gene models (Table S1).
These gene models were divided into two distinct groups:
(1) a first group including 883 complete ORF models and
(2) a second group including 1,198 models that show a
truncated ORF (Table 1). The number of sequences within
both groups was, later, reduced to 580 and 1,099, respec-
tively, following checking for the significance of the NBS
domain by Pfam analysis (default e-value = 1.0). In a
first step, from 580 complete ORF gene models we have
retained only 464 sequences that were longer than 200
aa, and in a second step, only 436 sequences that showed
less than 70 % of similarity. The different steps, tools and
outputs of the data mining procedure are summarized
in Fig. 1. Considered as representative of the diversity
of wheat NBS protein family, the final 436-gene mod-
els set (Table S2) was, therefore, used for structural and
homology-based classifications, proteomic comparison
with model Poaceae species and anchoring to the wheat
genome.
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Fig. 1 Data mining pipeline
developed in this study for the
identification of members of
the NBS-encoding R genes. A
primary pipeline starts from
5,321,847 T. aestivum genome
contigs (GanBank accession
CALPO000000000) that were
translated in all frames and used
as template for HMM-based
searching. 3,010 non-redundant

T. aestivum Genome download (5,321,847 contigs)

Six-frame translated wheat genome contigs

3670 contigs (raw set)

EMBOSS transeq

HMMER hmmsearch

1
1
1
1
1
1
1
1
1
1
1
1
1
1
contigs resulting from HMM : _g
investigation were used for 1 §_
creating 580 complete ORF CD-HIT-EST (similarity threshold = 1) 15
models and 1,099 incomplete ¢ - : )
OREF ones. A secondary pipeline 3010 non redundant contigs 1| £
consisted in the filtration of ! n:.
complete models based on size :
and similarity criteria. Text on f
the right of arrows explains the - T 1
software and databases used for FGENESH :
each operation of the pipeline. 7 |
Rectangles contain the output of 883 complete gene models 1198 partial gene models !
each step :
Pfam (e-value = 1.0) Pfam (e-value = 1.0) :
¢ o ]
580 with Pfam significant 1099 with Pfam significant !
NBS domain NBS domain '
1
1
1
1
__________________________________________ q==----
1
EMBOSS sizeseq, infoseq 1
I c
/ 1| L
464 with length > 200 aa 1| ®
| =
1 =
CD-H ]T(s‘mfla rity threshold = 0.7) : g
— '8
436 with similarity < 70% g
"' »
1
1
1
Structure to 4 distinct groups; CC-NBS-LRR (334/436; 76.61 %),

Among the 436 gene models obtained from the previous fil-
tration steps, the shortest (CALP011095362.1-1) was of 201
aa, while the longest (CALP010000002.1-1) was of 1,721 aa
(Table S2). This wide size range was not accompanied by a
homogeneous distribution, as most (75 %) of gene models
were shorter than 508 aa, as illustrated by the box plot analy-
sis (Fig. 2a). The number of exons varied between 1 and 11
with an average of 3 (Table S2). Three cell arrangements were
identified with respect to cell topology: proteins with only a
cytoplasmic domain (92 %), those with a cytoplasmic domain
and a transmembrane anchor (1 %), and those with cytoplas-
mic, transmembrane and extracellular domains (7 %) (Fig. 2b;
Table S2). Depending on the presence or absence of CC and
LRR domains, we could assign the 436 gene models identified
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NBS-LRR (96/436; 22.02 %), CC-NBS (5/436; 1.15 %) and
NBS (1/436; 0.23 %) (Fig. 2c; Table S2). In addition to the CC
and LRR domains, other structural features were optionally
present in the identified models. These characteristics included
the presence of signal peptides, BED (PF02892) and RVT
(PF13966) zinc fingers, two types of kinases (serine/threonine
and tyrosine), DNA-binding, heavy metal-associated (HMA)
(PF00403) and WRKY (PF03106) domains, and NB—-ARC
domains over two distinct intervals (Fig. 3). Percentage repre-
sentation of each feature is illustrated in Table 2.

Homology-based classification

Homology searches with proteins or transcripts already avail-
able in public databases have enabled assigning the collection
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Fig. 2 Classification of 436 complete gene models representing the
NBS protein family of 7. aestivum, based on structural features. a
Box plot analysis revealing unequal distribution of wheat NBS-type
proteins based on their sizes: although the size range was 201-1,721
aa, only 25 % had sizes above 508 aa. b Classes of cellular topol-
ogy showing that the majority of identified proteins were composed

of gene models identified in the present study to 4 out of the
6 likely statuses explained in Figure S2. Among these sta-
tuses, the first corresponds to proteins with evidence of their
existence based on homology at similar predicted-protein and
transcript levels (Expressed R protein similar to a predicted
one; ~8.0 %), the second includes proteins with evidence
of existence only at transcript level (Expressed R protein,
~5.0 %), the third comprises proteins with evidence of exist-
ence at only similar predicted-protein level (Hypothetical R
protein similar to a predicted one, ~52.0 %), and the last is
represented by proteins whose existence remains hypothetical
because they were inferred only from structure, without any
homology support (Hypothetical R protein, ~35.0 %) (Fig. 4).

The principal protein homologies were detected from 7.
tauschii (126), followed by T. urartu (59), while a single
match was produced from each of T. durum, Phyllostachys
edulis, Thinopyrum ponticum and Nicotiana tabacum
(dicot) (Fig. 5; Table S3). All these species are monocots
except N. tabacum, for which a homology was detected
between a part of 12 protein (ABB00570.1) and wheat gene
model CALP010125674.1-1 (265 aa).

Even though the two statuses of “Resistance protein”
and “Putative resistance protein” (Fig. S2) were not repre-
sented, some gene models of our set did show similarities
to four 7. aestivum characterized functional disease resist-
ance proteins, namely Lrl, Lr10, Lr2] and Pm3, with simi-
larity ranges covering only in part the subject resistance

C+T+E(32;7%)

C+T(6;1%)

C (398 ; 92%)

NBS LRR #
——— ¥

TOTAL

———— S 436

of a unique cytoplasmic domain (C), followed by proteins with cyto-
plasmic, transmembrane and extracellular domains (C + T + E), and
those with a cytoplasmic and a transmembrane domains (C + T). ¢
Classes of domain architecture, based on coiled-coil (CC), nucleo-
tide-binding site (NBS) and leucine-rich repeats (LRR) domains

proteins. For instance, our gene models CALP010000738.1-
1, CALP010121935.1-1,  CALP010049524.1 and
CALP010709654.1 (all of them CC-NBS-LRRs of 330,
332, 218 and 209 aa, respectively; Table S2) showed local
BlastP similarity with Lrl, Lrl0, Lr2]1 and Pm3, respec-
tively. This shows, at least to some degree, that our analysis
was deep enough to identify well-characterized gene models.

Orthology

Based on domain annotations, 593 and 231 NBS-contain-
ing predicted proteins were retrieved from the predicted
whole proteomes of O. sativa and B. distachyon, respec-
tively. Using these proteins, in addition to the set of 436
T. aestivum NBS proteins, allowed identifying a total of
56 gene sub-families (sequence clusters). Wheat proteins
belonged to 31 sub-families, among which 25 were com-
mon to all three species, thus representing ancestral gene
clusters, 3 were shared between T. aestivum and rice, and 3
others specific to 7. aestivum (Fig. 6; Table S4). None of B.
distachyon clusters (30) was specific to this species, while
20 clusters proved specific to rice.

Genomic distribution

Using the survey sequence assemblies of the IWGSC (http://
wheat-urgi.versailles.inra.fr/Seq-Repository) together with
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Fig. 3 Examples illustrating variability in conserved domain asso-
ciations within the identified wheat NBS proteins. a Gene model
CALP010016798.1-1 (669 aa); b gene model CALP010011135.1-1
(339 aa); ¢ gene model CALP01056883.1-1 (285 aa); d gene model
CALP010955910.1-1 (271 aa); e gene model CALP010004716.1-1
(997 aa); f gene model CALP010000049.1-1 (690 aa). CC-NBS-

the Blast server of TGAC (http://tgac-browser.tgac.ac.
uk/iwgsc_css/blast.jsp), we could assign 373 out of the
total 436 studied complete NBS-type gene models to their
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LRR: a, b, e, f; NBS-LRR: ¢; NBS: d; Cytoplasmic domain only
protein: a, ¢, d and e; Cytoplasmic, transmembrane and extracellu-
lar domains protein: b; Zinc finger in reverse transcriptase (Zf-RVT;
Pfam: PF13966): a; NB-ARC domain (Pfam: PF00931) over two
intervals: b; WRKY domain (Pfam: PF03106): e; HMA domain
(Pfam: PF00403): f

chromosome arms. Sixty-three gene models could not be
assigned either because they resulted in no hits or less sig-
nificance ones (identity to subject scaffold <90 % and blast
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score <1,000). Five gene models were assigned to duplicate
loci because they matched scaffolds located on different
chromosome arms with an identical blast score. This made

Table 2 Structural features detected across 436 wheat candidate
NBS-encoding R genes identified and studied

Structural features identified Number (%) of gene models

displaying the feature
NB-ARC domain over 2 distinct 46 (10.55)
intervals
Signal peptide 68 (15.59)
Zinc finger 6 (1.38)
Kinase 3(0.69)
HMA 1(0.23)
WRKY 1(0.23)
DNA-binding domain 1(0.23)

Fig. 4 Classification of 436
candidate NBS-encoding

the number of loci slightly higher (378) than the number of
gene models (373). Chromosome 4A had the highest number
of R-genes (41; 10.85 %), followed by chromosome 2B (35;
9.26 %), whereas the most underrepresented chromosome
was chromosome 4D, with just 1 gene (Fig. 7; Table S5). Out
of 378 loci, 189 (50 %) were located on 6 out of 21 chromo-
somes, namely chromosomes 1B, 2B, 4A, 7A, 7B and 7D.
Comparing wheat homeologous groups for NBS loci showed
that chromosome group 7 had the greatest number: 84 of the
378 (22.22 %). At sub-genomes level, the distribution of NBS
loci was almost balanced, with sub-genomes A, B and D con-
taining 118, 160 and 100 NBS loci, respectively (Fig. 7).

Discussion

Worldwide, wheat is cultivated over an area of 225 Mha,
with production of 681 Mt (Sharma 2012). The world’s

genes, based on homologies H 152 ' 34,86%
at peptide (GenBank nr) and

transcript (GenBank dbEST
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Fig. 5 Histogram of species ranking based on the number of hits matching 7. aestivum gene models, using BlastP against GenBank Non-Redun-

dant protein sequences database (nr)
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T. aestivum
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B. distachyon
231/225

20

0. sativa
593/545

Fig. 6 Three-way Venn diagram showing the distribution of species-
specific and shared NBS gene clusters among Triticum aestivum,
Brachypodium distachyon and Oryza sativa NBS-encoding predicted
proteins. The first number under the species name indicates the total
number of NBS genes annotated for a particular species, and the sec-
ond indicates the number of genes in groups for that organism. The
difference between the two accounts for singleton genes that were not
present in any cluster. Numbers of clusters are provided in each inter-
section of the Venn diagram. For wheat, out of 436 genes identified,
416 were successfully clustered that belonged to 31 gene families:
three specific to T. aestivum, three shared with O. sativa only; and 25
shared with both O. sativa and B. distachyon
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population is increasing every year and is expected to reach
8.9 billion people by 2050. To meet the food requirement
of this alarmingly increasing population, wheat research
programs have to be oriented towards genetic improvement
for high-yield potential and resistance to biotic and abiotic
stresses. Wheat crop is attacked by a variety of pests, includ-
ing bacteria, fungi, oomycetes, viruses, nematodes and
insects. These pests cause substantial yield losses worldwide,
highlighting the threat of starvation to Human populations
in several regions of the world. Genetic transfer of resist-
ance (R) genes is an efficient, economical, and environment-
friendly method of controlling wheat pests. Despite the
increasing numbers of disease resistance genes identified by
segregation methods, and deployed in wheat breeding pro-
grams, only few genes have been cloned and characterized
and most of them were found to encode an NBS domain.
Among these genes, Pm3 (Yahiaoui et al. 2004), LrI (Clout-
ier et al. 2007), Lr10 (Feuillet et al. 2003), Lr21 (Huang et al.
2009) and Lr34 (Krattinger et al. 2011) were identified in
T. aestivum, whereas other genes such as Sr33 (Periyannan
et al. 2013) and Sr35 (Saintenac et al. 2013) were derived
from wheat relatives and transferred into bread wheat.
NBS-containing proteins are the largest R-proteins
family and have a major effect on the defense of the
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Fig. 7 Distribution of 378 loci of 373 wheat NBS-encoding candidate genes across 7. aestivum subgenomes, chromosomes and chromosome
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plant against its pathogens, operating mainly as cytoplas-
mic receptors, directly or indirectly recognizing pathogen
effectors introduced into the host cells, or (in some cases)
acting in signal transduction pathways (Glowacki et al.
2011). With the advent of high throughput molecular tools,
genomic DNA sequence analyses revealed variable num-
bers of putative NBS-containing genes in different crop and
model species, even though the number of functional or
expressed R genes remained unknown. Analyses of NBS—
LRR-containing genomic sequences from various crop
plants suggested that only a small fraction of the R genes
may be functional (Chin et al. 2001; Sun et al. 2001; Shen
et al. 2002).

In our study, we have used a data mining and fil-
tering pipeline starting from more than 5 million raw
contigs. Based on a Triticeae-specific HMM model, a
set comprising 3,010 genome contigs was constructed
and the subsequent gene prediction and filtration
have allowed the creation of 1,679 hypothetical NBS-
containing genes in the wheat genome. Because gene
prediction algorithms are not flawless and could not
identify some genes (Mathé et al. 2002), we listed all
potentially interesting contigs and gene models identi-
fied on them (Table S1), which will facilitate further
analyses based on different prediction software or the
simultaneous integration of multiple software using
different algorithms (D’Hont et al. 2012). The total
number of genes we have found in wheat is higher
than the 600 already reported in rice (Goff et al. 2002;
Shang et al. 2009), 126 in B. distachyon (Tan and
Wu 2012) and 191 in H. vulgare (International Bar-
ley Genome Sequencing Consortium 2012). This fact
seems proportional to the hexaploid nature of 7. aesti-
vum and corresponds to almost three times the number
of genes found in 7. urartu, the hypothetical A genome
progenitor (593; Ling et al. 2013). Beyond the fact
of polyploidy, this high number certainly reflects the
important size and complexity of NBS gene family in
wheat.

Nearly a third (580) of the total number of genes is
likely to encode functional products, as they are charac-
terized by a complete ORF structure, while two-thirds
(1,099) would correspond to pseudogenes, just waiting to
be eliminated from the genome, or standing as reservoirs
of genetic diversity that could be reached under recombi-
nation or gene conversion (Meyers et al. 1999). In case of
their expression, the truncated R polypeptides could play a
role in promoting disease resistance by acting as adaptator
molecules (Lozano et al. 2012; Kohler et al. 2008, reviewed
in Marone et al. 2013a). The proportion of these incom-
plete, probably inactive genes in wheat was much higher
than that reported in all identified types of NBS-encoding
genes (CC-NBS-LRR, NBS-LRR, CC-NBS and NBS)

in T urartu, where 511 complete ORF and only 82 partial
genes were reported (Ling et al. 2013). Therefore, we think
that events of genome duplication through polyploidization
have significantly influenced the structural gene rearrange-
ments in 7. aestivum, leading to the non-functionalization
of many genes (Akhunov et al. 2013).

An overview of domain architecture within a representa-
tive subset comprising 436 complete ORF, non-redundant
(<70 % similarity) and longer than 200 aa gene models
shows that the wheat NBS-containing protein family dis-
plays the conserved standard architecture of NBS pro-
teins of monocotyledons, characterized by the presence of
coiled-coil (CC) and LRR domains. We have demonstrated
the possible presence of some atypical domains such as zinc
fingers (Zf-RVT and Zf-BED), WRKY and HMA domains,
together with the possible presence of a second NB—-ARC
domain, a signal peptide and two types of kinases (serine/
threonine and tyrosine). The inventory and analysis of these
additional domains should have an importance in refining
the classification of NBS-type proteins into subclasses and,
especially, for the examination of their localization in plant
cells and the role they play in signal transduction during
the plant resistance response to biotic stress factors. For
example, plant WRKY that we have identified in C-termi-
nal position of gene model CALP010004716.1-1 (997 aa)
(Fig. 3e; Table S2) has been so far reported in RRS-1R
receptor, an A. thaliana TIR-NBS-LRR-WRKY protein,
that recognizes the PopP2 effector of the bacterium Ralsto-
nia solanacearum (Deslandes et al. 2002). In this protein,
the C-terminal WRKY domain was predicted to act as an
inhibitor of signaling pathways responsible for resistance to
this pathogen (Noutoshi et al. 2005). Up to our knowledge,
this study is the first to report the presence of a WRKY
domain in the C-terminus of a non-TIR-NBS-LRR pro-
tein from a Poaceae species, and we suggest that it would
act in a manner similar to that described in RRS-1R recep-
tor of A. thaliana. It is worth signaling that the WRKY
(WRKYGQK) domain has been already described in bar-
ley, at the amino-terminus of NBS-type MLA proteins, as a
component of an HYWRKY transcription factor (Ulker and
Somssich 2004; Eulgem and Somssich 2007). This tran-
scription factor is a repressor of the resistance genes that is
deactivated following the recognition of an appropriate Avr
elicitor of Blumeria graminis (Liu and Coaker 2008).

Apart from WRKY, the HMA (heavy metal-associated)
domain that we have identified in N-terminal position of
gene model CALP010000049.1-1 (690 aa) (Fig. 3f; Table
S2) is a conserved protein domain found in a number of
heavy metal transport or detoxification proteins (Bull and
Cox 1994). It contains two conserved Cysteines that are
probably involved in metal binding. This is the first report
of this domain in N-terminal position of an NBS-LRR
protein from a Triticeae species. Yet, in rice (Poaceae but
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non-Triticeae), Okuyama et al. (2011) reported cloning of
resistance gene Pia conferring resistance to the blast fun-
gus Magnaporthe oryzae with an HMA domain located
in the C-terminus. The role this domain might play in
the rice resistance to the blast fungal pathogen M. ory-
zae was hypothesized, later, by Kanzaki et al. (2013) who
have found that the HMA domains of several rice proteins
belonging to Heavy Metal-Associated domain protein fam-
ily (sHMAs) interact with the avirulence effector Avr-Pik
of M. oryzae. The high similarity of this protein family
(sHMAs) with the CC domain of the rice R protein Pik-
1, together with the role of coiled-coil (CC) domain of
Pik-1 in the interaction with the pathogen, suggested that
rice sHMA proteins could be involved in generating sHMA
RNAi and overexpressing lines in rice (Kanzaki et al.
2013). In addition to its possible involvement in regulating
expression activity of NBS genes, as hypothesized by Kan-
zaki et al. (2013), we suggest that NBS genes with HMA
domain may play a role in resistance to pathogenic bacte-
ria in heavy metals-exposed plants (Fones et al. 2010), in a
way functionally analogous to the resistance conferred by
normal (without HMA) NBS genes in non-accumulating
plants. Though wheat plants are not accumulators, trans-
fer of heavy metals to different organs of the wheat plant,
including edible ones, was demonstrated in several varie-
ties (Karatas et al. 2006; Jamali et al. 2009).

The existence of two distinct intervals of the NBS
domain that are separated by an interdomain seems to be
quite frequent in wheat, as this phenomenon was identified
in 10.55 % (46/436) of our gene models. We could explain
this fact by a probable breaking of the intramolecular inter-
action between NB and ARC subdomains, which is pre-
dicted to increase the rate of nucleotide exchange (Takken
et al. 2006; van Ooijen et al. 2007). Such intramolecular
interactions between NBS-LRR functional domains have
been demonstrated (Moffett et al. 2002; Leister et al. 2005),
and progress has been made toward delimiting the regions
involved (Rairdan and Moffett 2006), although the precise
nature and role of interdomain contacts are still incom-
pletely understood (Ashfield et al. 2012).

In silico functional assignment is always approximate,
since understanding the relationship between an organism’s
predicted gene and its phenotype often requires wet-lab
experimentation, such as gene knocking-out or transcrip-
tome profiling using microarrays. Yet, it is always very
interesting for sequences identified as putative genes to be
confirmed by further evidence, such as similarity to cDNA
or EST sequences from the same organism, similarity of
the predicted protein sequence to known proteins, or asso-
ciation with promoter sequences. In this context, we have
performed comparisons of our complete gene models set,
against proteins (BlastP), ESTs (TBlastN) and Full-Length
cDNAs (TBlastN). We could assign the 436 models to four
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functional and expression statuses, namely ‘“expressed
resistance proteins” (E) (~5.0 %), “expressed resistance
proteins similar to predicted ones” (E/P) (~8.0 %), “hypo-
thetical resistance proteins” (H) (~35.0 %) and “hypotheti-
cal resistance proteins similar to predicted ones” (H/P)
(~52.0 %). The recent availability of genome annotations
of two wheat relatives, namely the hypothetical A genome
progenitor, 7. urartu (Ling et al. 2013; Genbank accession
AOTI000000000), and the D genome progenitor, A. tauschii
(Jia et al. 2013; Genbank accession AOCO010000000), has
provided numerous hits matching our wheat gene models,
among predicted NBS proteins of these two species. This
explains to a certain extent the relatively high proportion
(~60 %) of our gene models falling within the statuses E/P
and H/P. For these proteins matching similar ones in “nr”
database, hits were different, reflecting functional diversity
of our R-proteins dataset. Among 56 genes characterized
as expressed, 18 had homologous sequences within wheat
ESTs, while the remaining (38) only had a match within
full length cDNAs of TSA. As TSA is an archive of compu-
tationally assembled sequences from primary data, expres-
sion evidence inferred from ESTs should be considered
stronger.

Studying the genomic distribution of the analyzed 436
predicted wheat NBS genes revealed the presence of at
least one predicted gene by chromosome. Unlike this ubig-
uity, the distribution of NBS-encoding loci across the 21
chromosomes was very unequal, varying from 1 on chro-
mosome 4D to 41 on chromosome 4A. This unequal dis-
tribution was expected, as it was previously reported in
several plant genomes (Yang et al. 2008; Mun et al. 2009;
Ameline-Torregrosa et al. 2008; Monosi et al. 2004; Por-
ter et al. 2009; Lozano et al. 2012). This fact is due to the
clustered nature of NBS-LRR genes, which facilitates their
evolution through sequence exchange via gene duplication
(Friedman and Baker 2007).

Chromosome arm 4AL represented the richest one
(38/378) in potentially functional NBS loci producing diver-
sified (<70 % of similarity) products. This fact looks in per-
fect agreement with the diversity of resistance traits mapped
to this chromosome arm, including resistance genes to pow-
dery mildew, leaf rust, Hessian fly, yellow rust, stem rust,
wheat streak mosaic and Septoria tritici blotch.

Wheat homeologous group 7 was characterized by a
high number of loci (84/378). Within this group, chromo-
some 7A was highlighted as the richest wheat chromosome
in powdery mildew (Pm) genes (Marone et al. 2013b).
Chromosome 7B is known to harbor powdery mildew
resistance genes Pm5e (Huang et al. 2003), Pm5d (Nema-
tollahi et al. 2008), Pm47 (Xiao et al. 2013), yellow rust
resistance genes Yr2 (Lin et al. 2005) and Y76 (Li and Niu
2007), stem rust resistance gene Srl7 and leaf rust resist-
ance gene Lr/4 (Mclntosh et al. 1967). The long arm of 7D
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is known to carry several greenbug (Schizaphis graminum)
resistance genes (Zhu et al. 2005; Weng et al. 2005), while
the short arm of 7D comprises genes Stb4 and Stb5 under-
lying resistance to S. tritici blotch (Arraiano et al. 2001;
Adhikari et al. 2004), powdery mildew resistance gene
Pm1i5 (Tosa and Sakai 1990) and leaf rust resistance Lr34
(Spielmeyer et al. 2005; Krattinger et al. 2011). For most of
these genes, the molecular structure has not been charac-
terized yet, while Lr34 is known to encode an ABC trans-
porter and has an NBS, but not an LRR domain (Krattinger
et al. 2011; PRGdb, http://www.prgdb.org). From our
investigation, it appears that the most significant enrich-
ment areas of NBS-type resistance genes (NBS-encoding
hot spots) are represented by chromosome arms 1BS, 2BS,
3B, 4AL, 7AS, 7BL and 7DS.

Five gene models (namely: CALP010036014.1-1,
CALPO010075277.1-1, CALP010317351.1-1, CALPO10
000017.1-2 and CALP010001533.1-2) (Table S5) were
assigned to duplicate loci because they matched scaffolds
located on different chromosome arms with an identical
blast score. This fact is expected as hexaploid wheat often
has gene functional redundancy because of tripled genomes.
Redundant genes tend to be lost or become pseudogenes to
avoid a fitness cost to the host species (Tian et al. 2003).

This study provides an exhaustive report of the NBS-
containing gene family in the cultivated hexaploid wheat
T. aestivum, with rich and multifaceted genome-wide
information, hence offering a genomics-guided frame-
work for molecular isolation, cloning, and elucidation of
the functions of all R genes. The information generated in
this study will be of great use on two levels: the applied
one with the aim to improve disease resistance in wheat,
and the fundamental one through comparative genomics
approaches across grass genomes, to reveal the evolution-
ary significance of some wheat genes.
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