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Abstract: The most represented group of resistance genes are those of the nucleotide 

binding site–leucine-rich repeat (NBS-LRR) class. These genes are very numerous in the 

plant genome, and they often occur in clusters at specific loci following gene duplication 

and amplification events. To date, hundreds of resistance genes and relatively few 

quantitative trait loci for plant resistance to pathogens have been mapped in different 

species, with some also cloned. When these NBS-LRR genes have been physically or 

genetically mapped, many cases have shown co-localization between resistance loci and 

NBS-LRR genes. This has allowed the identification of candidate genes for resistance, and 

the development of molecular markers linked to R genes. This review is focused on recent 

genomics studies that have described the abundance, distribution and evolution of  

NBS-LRR genes in plant genomes. Furthermore, in terms of their expression, NBS-LRR 

genes are under fine regulation by cis- and trans-acting elements. Recent findings have 

provided insights into the roles of alternative splicing, the ubiquitin/ proteasome system, 

and miRNAs and secondary siRNAs in the regulation of NBS-LRR gene expression at the 

post-transcriptional, post-translational and epigenetic levels. The possibility to use this 

knowledge for genetic improvement of plant resistance to pathogens is discussed. 
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1. Introduction 

Plant responses to pathogenic microorganisms are based on two main mechanisms. The first is the 

basal defense, based on the actions of the basal immune system, which was first described over  

30 years ago [1]. This system can be activated by the so-called elicitors, which are generic signals of 

the presence of a pathogen, such as bacterial flagellins, lipopolysaccharides or elongation factors, and 

fungal chitin or heptaglucosides [2]. These are referred to as pathogen-associated molecular patterns 

(PAMPs), or, more recently, as microbe-associated molecular patterns (MAMPs), because 

nonpathogenic microorganisms also have PAMPs [3]. The second mechanism is based on the actions 

of the adaptive immune system, which is composed of resistance (R) genes that can specifically 

recognize host proteins. These are coded by the pathogen Avr genes and they confer a resistant 

phenotype to the plant, as postulated by the gene for gene theory [4]. The R-gene products can 

recognize the products of the Avr genes directly or indirectly. For the latter, the guard and decoy 

hypothesis propose that the Avr gene products result in “perturbation” of the components of the 

adaptive immune system, separate from the R proteins. It could be an accessory protein, which may be 

its virulence target (guard model) or a structural mimic of such a target (decoy model) [5]. This 

perturbation acts as a trigger for the activation of these R genes. An example is the  

Pseudomonas syringae Avr gene AvrPphB, which codes for a protease that can in turn cleave a host 

protein kinase. This cleavage is detected by the cognate R protein (resistance to Pseudomonas syringae 

5; RPS5), which then becomes active [6]. While the MAMP receptors are relatively stable and 

heritable, the components of the adaptive immune system are subject to diversification and selection in 

somatic cells of individuals, so that there is continuous co-evolution of plants and pathogens [3]. 

At least five different classes of R genes are known to date [7]. The most numerous R-gene class is 

represented by the members of the gene family that code for proteins containing a nucleotide-binding 

site (NBS) and leucine-reach repeats (LRRs) [8]. The NBS domains are involved in signaling, and they 

include several highly conserved and strictly ordered motifs, such as the P-loop, kinase-2 and  

Gly-Leu-Pro-Leu motifs [9]. LRRs are highly adaptable structural domains that are devoted to  

protein-protein interactions, and these can evolve very different binding specificities. LRRs are under 

diversifying selection [10,11], especially at the level of the predicted solvent-exposed residues. In this 

region, these NBS-LRR proteins not only lack conservation, but they are significantly more diverse 

than expected from random genetic drift. This suggests that there are selective pressures that promote 

the evolving of new pathogen-specificities, for the recognition of different pathogen Avr proteins. 

Clustering of NBS-LRR genes due to tandem duplications and ectopic duplications followed by local 

rearrangements and gene conversion are also important processes that influence the evolution of this 

gene family. 

The presence of different domains at the N-terminal portion of the NBS-LRR proteins classifies 

these NBS-LRR gene products into two subgroups: the TIR-NBS-LRR (TNL) proteins that contain a 

Toll-like domain, and the CC-NBS-LRR (CNL) proteins that are characterized by a coiled-coil 
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domain; this subdivision is, however, not always precise. With several hundreds of members, the  

NBS-LRR genes are one of the most numerous gene families in plants, as has also been demonstrated 

by recent studies carried out with species with a sequenced genome. At the same time, there are huge 

differences across species in terms of the numbers and organization of their subgroups.  

This review focuses on the extent and role of the NBS-LRR resistance-gene family in plant 

responses to pathogens in this era of “-omic” technologies. Particular attention is paid to the following 

aspects: (i) genomic organization of the gene family in plant species in which the genome has been 

sequenced; (ii) molecular aspects of the actions of NBS-LRR genes in plant responses to pathogens, 

and the mechanisms of the regulation of their expression, from transcriptional to the post-translational 

level; (iii) coincidence of NBS-LRR genes with R loci, and the implications of this knowledge of the 

NBS-LRR gene family for the genetic improvement of crops in terms of their resistance to pathogens, 

without increasing the metabolic cost of resistance. 

2. Genomic Organization and Evolution of NBS-LRR Genes in the Plant Genome 

2.1. Genomic Organization and Evolution of NBS-LRR Genes 

Comparative genomic analyses have indicated that plant genomes can encode several hundreds of 

NBS-LRR genes, and that there is a great diversity in the number and distribution of the subclasses of 

these genes. To date, a large number of NBS-encoding sequences have been isolated from various 

plant species through genome-wide analyses: from about 50 in papaya and Cucumis sativus [12,13], to 

653 in Oryza sativa [14]. More details are shown in Table 1, that reports the number of  

NBS-encoding genes identified in different species up to now. These data are subject to a continuous 

evolution, as new genomic sequences are produced very rapidly, but they provide an idea of the size 

and organization of this gene family in plant genomes.  

Except for papaya, in which NBS-LRR genes are well distributed across the linkage groups [12], 

the chromosomal distribution of NBS-LRR genes appears to be very irregular in most species studied, 

with some chromosomes characterized by many more NBS-LRR genes than others. With potato,  

for example, the greatest numbers of NBS-LRR genes are found on chromosomes 4 and 11  

(about 15% of the mapped genes), with the smallest number on chromosome 3 (1%) [15,16]. Also, in  

Brachypodium distachyon, chromosome 4 contains about one-third of the total NBS-LRR genes that 

have been identified [9]. Conversely, chromosome 4 is less represented in Brassica rapa, where 

chromosomes 3 and 9 contain more than half of the mapped NBS-LRR genes [17], and in Lotus 

japonicus, where the more represented chromosomes for the mapped NBS-LRR genes are 

chromosomes 2 and 3. Kang et al. [18] reported that in the soybean genome, chromosome 16 has the 

highest number of NBS-LRR genes. Finally, in Medicago truncatula, more than 54% of NBS-LRR 

genes are encoded by chromosomes 3, 4 and 6 [19]. 
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Table 1. Nucleotide-binding site (NBS)-encoding R genes and pseudogenes identified in 

different plant genomes. 

Plant species 
Total number of  

NBS-LRR genes 
TNL * CNL * 

Number of 

pseudogenes 
References 

Arabidopsis thaliana  
149 94 55 10 [20] 

159 98 50 - [21] 

Populus trichocarpa  402 91 119 161 [22] 

Medicago truncatula  333 156 177 49 [19] 

Vitis vinifera  459 97 203 - [23] 

Oryza sativa L. spp. indica 653 - - 184 
[14] 

Oryza sativa L. spp. japonica 553 - - 150 

Carica papaya 54 7 6 - [12] 

Cucumis sativus 57 13 18 - [13] 

Brassica rapa 92 62 30 - [17] 

Lotus japonicus  158 32 28 62 [18] 

Arabidopsis lyrata 185 123 38 - [21] 

Glycine max (soybean) 319 - - - [24] 

Brachypodium distachyon  126 0 113 - [9] 

Solanum tuberosum 
438 77 361 - [15] 

435 65 370 179 [16] 

* TNL and CNL group all of the NBS-LRR genes with TIR and CC motifs, respectively. 

As indicated above, NBS-LRR genes are usually divided into two main subclasses, as CNL and 

TNL genes, and the distribution of NBS-LRR genes into these two subgroups is not comparable across 

different plant species. The most striking example is the near-total absence of TNL genes in 

monocotyledons. TNL genes are instead present in the dicotyledon genome, and often in greater 

numbers compared to CNL genes. The genomes of species like Arabidopsis thaliana, Arabidopsis lyrata 

and soybean contain from two-fold to six-fold more TNL than CNL genes [21,24], with the opposite 

seen for potato [15,16] and Medicago truncatula [19], with their larger numbers of CNL genes. 

Within the genome, NBS-LRR genes are organized either as isolated genes or as linked clusters of 

varying sizes that are thought to facilitate rapid R-gene evolution [25]. These clusters can be divided 

into two types based on their phylogenetic relationships: (i) clusters that contain NBS-LRR genes that 

have undergone tandem duplication, whereby NBS-LRR genes that derive from these events are seen 

to group together in species-wide gene trees; and (ii) mixed clusters that contain NBS-LRR genes from 

different branches of species-wide trees [26], where the genes belonging to the same cluster were 

derived from ectopic duplication, transposition, or large-scale segmental duplication, with subsequent 

local rearrangements [27]. This latter clustering phenomenon involves a number of NBS-LRR genes, 

and although it varies depending on the species, it often involves the majority of the NBS-LRR gene 

family members. As examples: Li et al. [18] reported that in the entire L. japonicus genome, 38.2% of 

the mapped NBS genes are located as eight clusters, with uneven chromosomal distribution; in the rice 

genome, 50% of the identified NBS-LRR genes are clustered [28] and in B. distachyon, 51% are 

clustered [9]; and higher rates are found in other species, like potato, where 73% of the mapped  

NBS-LRR genes are grouped into 63 clusters [15], and like M. truncatula, where nearly 80% are 

clustered [19]. At the same time, the proportion of gene clustering can also be different in related 
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species. In a recent study, Guo et al. [21] identified 159 and 185 NBS-LRR genes in A. thaliana and  

A. lyrata, respectively, with the levels of genes organized into clusters for these two species of 71.1% 

and 63.8%, respectively. Also, even though A. thaliana has a lower number of NBS-LRR genes per 

cluster, these are grouped in a higher number of clusters with respect to A. lyrata (38 vs. 35). In potato, 

TNL genes are widely distributed throughout the entire genome, except on chromosomes 3 and  

10 [15], and they are more widely dispersed than CNL genes, which are more frequently found in 

clusters. An explanation for this relates to the predominance of CNL genes in the potato genome 

(85%), with respect to TNL genes. In some cases TNLs are located near CNL clusters, which can in 

turn be grouped into larger super clusters [16]. 

Although the majority of NBS-LRR clusters are composed of similar sequences, many clusters also 

contain some phylogenetically distant NBS genes. Indeed, about 25% of M. truncatula clusters include 

both TNL and CNL genes. The presence of heterogeneous NBS-LRR clusters is similar also in rice 

and Arabidopsis, where about 25% of NBS-LRR clusters are phylogenetically mixed [19]. A similar 

rate of mixed NBS-LRR clusters is seen for potato [15]. 

2.2. Pseudogenes 

Pseudogenes are commonly defined as sequences that resemble known genes but that cannot 

produce functional proteins. Pseudogenes can originate through the same mechanisms as  

protein-coding genes, followed by the subsequent accumulation of disabling mutations  

(e.g., insertions, deletions, and/or substitutions) that disrupt the reading frame or lead to the insertion 

of a premature stop codon [29]. 

A variable number of R pseudogenes have been identified in different plant species; these are highly 

similar to NBS-LRR genes at sequence level, although their sequences are partial or they lead to the 

production of partial proteins. Low levels of pseudogenes have been shown for A. thaliana  

(8.05%) [20] and M. truncatula (14.7%) [19]. A higher level was found in polyploid cotton  

(24.6%) [30]. However, a role for the level of ploidy in accumulation of the pseudogenes in the 

genome cannot be suggested, as other studies have reported even higher levels of NBS-LRR 

pseudogenes in diploid species. A clear example is seen with the rice genome, in which 47.6% and 

55.7% pseudogenes have been identified in the Nipponbare and 93–11 genotypes, respectively [31]. 

This study showed that the number of total predicted NBS-LRR genes is much higher (nearly  

700 genes) than that reported for the same cultivars by Yang et al. [28] (nearly 500), mainly because 

partial genes were also considered by Luo et al. [31]. In most cases, pseudogenes are characterized by 

large deletions [31]; these can be produced by transposition events and exon skipping, with frameshift 

mutations also explaining the formation of truncated mRNAs and proteins. This was shown for the 

potato genome, in which a level of 41.6% pseudogenes was reported recently [16]. In some cases, 

pseudogenes differ from functional NBS-LRR genes in terms of the length of the NBS domain, which 

can be excessively shortened, as shown in L. japonicus [18] and B. distachyon [9]; here, the NBS 

motifs are too short or too divergent with respect to the functional NBS. 

The number of pseudogenes also varies according to the NBS-LRR subgroup (CNL, TNL), and this 

difference can reflect the relative abundance of CNL and TNL genes. As an example, out of  

179 pseudogenes identified in potato, 156 (87%) belong to the CNL group and 23 (13%) to the TNL 
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group, but this was expected as 85% of the total NBS-LRR genes are CNL and only 15% are  

TNL [16]. 

For the genome distribution of pseudogenes, truncated NBS-LRR genes have often been seen to be 

located adjacent to complete NBS-LRR genes, within 100 kb, and therefore distributed in the same 

way as functional NBS-LRR genes; indeed, these pseudogenes are also clustered on specific 

chromosomes, as seen for M. truncatula [19] and potato [16].  

Pseudogenes are usually considered as nonfunctional genes that will be eliminated from the 

genome, or reservoirs of genetic diversity that can be accessed through recombination or gene 

conversion [32]. There is evidence of expression of pseudogenes in some species, including for  

rice [33], pine [34] and M. truncatula [19]. In particular, some pseudogenes identified in these species 

have near-perfect (99%–100% identity) matches in EST databases. Furthermore, functions can also be 

ascribed to partial NBS-LRR proteins. In mouse, an expressed pseudogene has been confirmed to be 

involved in the stability of the mRNA of its functional homolog through the local silencing  

system [35]. Lozano et al. [16] proposed a role as adaptor molecules for pseudogenes identified in 

potato, whereby they can act as recruiters of or interact with other NBS-LRR proteins. The same 

hypothesis was formulated for the truncated R genes identified in Populus [22]. Truncated R 

polypeptides can originate also by alternative splicing, and a role in promoting disease resistance has 

been demonstrated for many of these, as reviewed by Mastrangelo et al. [36].  

2.3. Evolution of NBS-LRR Genes in Plants 

NBS-LRR genes represent one of the most numerous and ancient gene families in plants. 

Mechanisms like duplication, unequal crossing over, ectopic recombination, gene conversion, and 

diversifying selection have been proposed to have contributed to the structures of R gene clusters and 

to the evolution of resistance specificities [37–39]. However, the rate of evolution and the effects of 

selection are not homogeneous at the level of the different domains within each gene sequence, and 

neither for the members of the different subgroups within the gene family. Regarding this first aspect, 

the gene conversion rate appears to have been higher for LRR domains than for NBS regions, which 

appear to be subject to purifying selection [40]. The high variability of LRR domains is related to their 

role in the recognition of specific Avr gene products, to promote plant resistance to pathogens. Indeed, 

elevated ratios of nonsynonymous to synonymous nucleotide substitutions have been found in LRR 

domains; this indicates that diversifying selection acts on LRR domains to maintain variations in the 

solvent-exposed residues [41]. To have an idea of the variations at the level of LRR domains, there are, 

on average, 14 LRRs per protein, and often five to 10 sequence variants for each repeat; therefore, in a 

species like Arabidopsis, there is the potential for well over 9 × 1011 variants [42]. 

For the variability across NBS-LRR genes, it is often possible to recognize genes with two patterns 

of evolution [40]: type I genes have evolved rapidly, with frequent gene conversions between them, 

whereas type II genes have evolved slowly, with rare gene conversion events between clades. This 

heterogeneous rate of evolution is consistent with a birth-and-death model of R gene evolution, in 

which gene duplication and unequal crossing over can be followed by density-dependent purifying 

selection [42]. One of the factors that influences this gene conversion is the clustering of R genes, as 

larger clusters provide more potential donor sequences. However, this is not always true, as it can 
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depend on the mating system. Guo et al. [21] showed significant positive correlations between cluster 

size and gene conversion frequency in A. thaliana but not in A. lyrata, where the median length of 

conversion tracts is higher, probably due to the lower rate of recombination of out-crossers with 

respect to related selfers. 

An interesting question arises when NBS regions and LRR domains become fused into the same 

protein. Only independent NBS and LRR domains have been found in the genomes of bacteria, 

archaea, protists and algae [43]. However, in a recent study, Xue et al. [44] reported NBS-LRR genes 

in two bryophyte species: the moss Physcomitrella patens and the liverwort Marchantia polymorpha. 

As well as the classical CNL and TNL subgroups, they defined two novel classes of NBS-encoding 

genes. The first was identified in the P. patens genome, and it showed a protein kinase domain at the 

N-terminus (PK-NBS-LRR; PNL). The second was identified in the M. polymorpha genome, and it 

was characterized by an a/b-hydrolase domain at the N-terminus (hydrolase-NBS-LRR; HNL). In light 

of these results, NBS-LRR genes appear to have originated and been selected to allow early lineages of 

land plants to cope with specific pathogens. The CNL class was shown to be divergent from TNL, 

PNL and HNL in bryophytes, as the liverwort M. polymorpha CNL genes and some of the moss  

P. patens CNL genes form a strongly supported monophyletic group [44]. Furthermore, CNL from 

monocotyledons and dicotyledons tend to cluster together, which suggests that the CNL group 

originated before the divergence of the monocotyledons and dicotyledons [23,42]; in contrast, TIR 

domains are absent in cereal genomes, and they are most likely to have been lost from the cereal 

species, rather than to have arisen later, after the monocotyledon/dicotyledon separation [45].  

The number of single-copy and duplicated NBS-LRR genes reflects the small or large scale 

duplication events that have occurred during genome evolution. In Arabidopsis, Meyers et al. [20] 

reported that local and distant duplications of TNL and CNL genes are responsible for the separation 

of two distinct clusters, which is compatible with the duplication of the entire genome early in the 

evolution of Arabidopsis. Similarly, large duplication blocks have also been identified in  

M. truncatula, the genome of which underwent large-scale genomic duplication [19]. A clear 

separation between two groups has been identified also in Brassica rapa, despite the  

whole-genome-triplication event that occurred 11 to 12 million years ago, after speciation [17]. 

Furthermore, the number of NBS-LRR genes is slightly greater than in Arabidopsis, in which, instead, 

duplication of the genome occurred. Probably, roughly half of the NBS-LRR genes generated after the 

triplication of the B. rapa genome have now been lost, demonstrating this rapid birth-and-death system 

in the Brassica R-gene family. A similar loss of R genes has probably occurred for the Populus 

genome, for which segmental duplications and subsequent chromosomal rearrangements have only 

resulted in 5% amplification of NBS-LRR genes [22]. 

Often, the duplication of genomic regions that contain NBS-LRR genes corresponds also to 

functional redundance. The presence of genes with redundant functions within duplicated regions has 

been demonstrated in the soybean genome [24]. This study reported that 91 NBS-LRR genes were 

within 10 duplicated genomic regions, and that these regions contained duplicated disease resistance 

quantitative trait loci (QTL). Moreover, in some cases, there was a similar copy number of NBS-LRR 

genes on each side of the duplication, whereas there were distinct numbers of genes in other regions 

for both of the duplicated sides. This will probably have been due to tandem duplication that occurred 

independently on one side of a duplicated region.  



Int. J. Mol. Sci. 2013, 14 7309 

 

 

In conclusion, the uneven and clustered distributions of NBS-LRR–encoding genes and the 

discovery of duplicated redundant genes in recent plant genome-wide studies have contributed to 

provide new insight into the generation of novel resistance specificities and to the expansion  

of this gene family through gene-duplication events (tandem or segmental duplications),  

transpositions, chromosomal rearrangements (e.g., ectopic translocations), unequal crossing over, and  

diversifying selection. 

3. Regulation and Function of NBS-LRR Genes 

3.1. Molecular Basis of Resistance Responses Induced by NBS-LRR Proteins 

The molecular basis of the responses to pathogens in plants depends on the kind of pathogen. In 

general, R–Avr interactions lead to the hypersensitive responses, which are aimed at the restriction of 

pathogen growth at the primary infection site and at programmed cell death. This kind of reaction 

needs to be tightly regulated to avoid tissue damage. Another response, termed systemic acquired 

resistance, is triggered following activation of hypersensitive responses. Systemic acquired resistance 

results in broad-spectrum and systemic resistance, and it is characterized by increased salicylic  

acid accumulation and increased expression of pathogenesis-related genes [46,47]. In the case of  

virus infections, NBS-LRR genes can drive phenotypic responses that are divided into  

hypersensitive-response resistance and extreme resistance that shows strong resistance against virus 

infection [48]. Virus multiplication is restricted to a single-cell level in extreme resistance, in which 

necrotic local lesions do not develop at the primary infection site. Rx gene (CNL)-mediated resistance 

to potato virus X in potato shows features of extreme resistance [49], while N-gene-mediated 

resistance to tobacco mosaic virus in tobacco and HRT (hypersensitive response to turnip crinkle 

virus)-gene-mediated resistance to turnip crinkle virus in A. thaliana are examples of  

hypersensitive-response resistance. The type of resistance can also be linked to the expression level of 

the R gene; indeed, overexpression in A. thaliana of RCY1 (resistance to cereal mosaic virus (Y)), an 

allelic form of HRT, confers an extreme-resistance phenotype [49]. 

Of note, despite the specificities of the interactions between the Avr and R proteins, there are no 

clear specificities in the reactions of NBS-LRR proteins to particular pathogen types. An example is 

that allelic forms at the same NBS-LRR locus can confer resistance to different strains, and even to 

different classes of pathogens. The Arabidopsis proteins RPP8 (recognition of peronospora  

parasitica 1), HRT and RCY1 are encoded by different alleles of the same locus, and these confer 

resistance to an oomycete and two different viruses, respectively [50–52]. Similarly, the potato Rx and 

Gpa2 (Globodera pallida 2) proteins are highly similar, but these recognize a virus and a nematode, 

respectively [53,54]. 

As mentioned above, the specificity of effector recognition is due to the LRR domains, which have 

been shown to be under diversifying selection to ensure co-evolution with pathogen effectors [55]. As 

well as the well-known NBS and LRR domains, some small conserved regions have also been 

identified that form the “nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4”  

(NB-ARC) domain, which consists of the NBS and two ARC domains (ARC1, ARC2) [3]. Many 

highly conserved motifs have been identified in the ARC domain, and these have been studied in detail 
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from a functional point of view. The P-loop motif in NBS is required for nucleotide binding, and 

mutations to this motif lead to loss-of-function of several NBS-LRR proteins [56].  

Auto-activation of many NBS-LRR proteins is instead determined by mutations in the MHD 

(methionine–histidine–aspartate) motif, which is located in the ARC2 domain and is involved in 

nucleotide-dependent conformational changes [57].  

The current knowledge of the molecular mechanisms of action of NBS-LRR proteins suggests a 

functional model in which the LRR domain controls the molecular state of the NB-ARC domain [58]. 

Interactions among domains of the potato CNL protein Rx have been demonstrated, as well as 

modifications of these interactions, following stimulation by a pathogen Avr protein. Therefore, a 

model has been proposed that is sometimes referred to as the “jackknife” model, in which the pathogen 

effector causes disruption of the intramolecular associations, which frees the CC, NB and/or LRR 

domains for them to take up a “recognition-competent conformation” in which the different domains 

can interact with other proteins [59]. Further evidence has shown that the presence of a bound 

nucleotide is required for an NBS-LRR protein to reach this state [60].  

Interestingly, the swapping of LRR domains between closely related paralogs often results in 

constitutive activation of NBS-LRR proteins [61–63]. Therefore, the NBS and LRR domains must 

have co-evolved to maintain the inhibition of NBS-LRR protein auto-activation. A detailed functional 

analysis was carried out very recently for the Arabidopsis CNL RPS5 disease-resistance protein. RPS5 

is activated by AvrPphB-mediated cleavage of the protein kinase PBS1. Qi et al. [55] showed that 

substitution of the CC domain of RPS2 for the CC domain of RPS5 did not alter the RPS5 specificity, 

and only moderately reduced its ability to activate programmed cell death, which suggests that the CC 

domain does not have a direct role in the recognition of PBS1 cleavage. C-terminal truncations of 

RPS5 have revealed that the RPS5 LRR domain functions to suppress RPS5 activation in the absence 

of PBS1 cleavage, and promotes RPS5 activation in its presence.  

Nucleotide-dependent conformational changes might, in turn, induce oligomerization, or they might 

instead provide a scaffold for activation of downstream signaling components. Oligomerization that is 

dependent on a functional NBS has been shown for the tobacco N protein [64]. For some CNL 

proteins, the CC domain alone has been shown to sometimes be able to trigger cell death. Some 

examples are: the Arabidopsis RPS2, RPS5, RPM1 (resistance to P. syringae Pv Maculicola 1) and 

ADR1 (activated disease resistance 1); Nicotiana benthamiana NRG1 (N requirement gene 1); and 

barley MLA10 (mildew-resistance locus A 10) genes [6,65–68]. Otherwise, for Rx, which is a typical 

CCEDVID-NB-LRR subtype R protein, its central NBS, and not its N-terminal CCEDVID domain, is 

sufficient to induce cell death [69].  

An important factor for the function of NBS-LRR proteins in the promotion of resistance to 

pathogens is their subcellular localization. Several R proteins have been shown to localize to both the 

cytoplasm and the nucleus, even if no clear nuclear localization signals can be identified in most of the 

R protein sequences. Indeed, in many cases, the R proteins accumulate in the nucleus in response to 

pathogen infection [70,71], and this nuclear localization has been shown to be essential for the resistant 

phenotype determined by the barley MLA10, tobacco N, and Arabidopsis RPS4, RRS1-R (resistance 

to Ralstonia solanacearum-R) and SNC1 (suppressor of npr1-1, constitutive 1) proteins [70,72–75]. 

Recent evidence has indicated that uncoupling of the immune response from cell-death signaling is 

linked to the nucleo-cytoplasmic localization of R proteins. In a recent study, Bai et al. [76] showed 
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that barley MLA10 activity in cell-death signaling is suppressed in the nucleus but enhanced in the 

cytoplasm, while the MLA10 in the nucleus is sufficient to mediate disease resistance against powdery 

mildew fungus. Furthermore, enforced retention in the cytoplasm has reinforced the role of 

cytoplasmic MLA10 in cell-death signaling. These data suggest a bifurcation of MLA10-triggered cell 

death and disease resistance signaling in a compartment-dependent manner. The role of MLA10 in the 

nucleus was found to be associated to specific intramolecular and intermolecular interactions. A recent 

study has also revealed that the CC of MLA can form a rod-shaped homodimer in solution, and that 

MLA dimers define the minimal functional unit that is required for triggering cell death in barley and 

N. benthamiana [68]. Furthermore, in the nucleus, MLA10 interacts with WRKY transcription factors 

that act as repressors of MAMP-triggered basal defenses. This interaction is therefore believed to 

remove this WRKY-mediated check on MAMP-induced defenses, which are thereby expressed more 

strongly and rapidly, leading to highly effective defense and hypersensitive responses. 

Some information is also available on the mechanisms that control NBS-LRR-mediated resistance 

to viruses. An antiviral response that inhibits the translation of virus-encoded proteins in  

N. benthamiana has been shown for the N protein [77]. In particular, upon activation of the NBS-LRR 

protein, viral transcripts can accumulate but do not associate with ribosomes, and the inhibition of this 

interaction is mediated by Argonaute4-like genes. Argonaute proteins have been implicated in small 

(s)RNA-mediated RNA degradation, and in degradation-independent translational control, and 

therefore their engagement in the specific translational control of viral transcripts has been proposed as 

a key factor in virus resistance mediated by NBS-LRR proteins. The action of the N gene also involves 

a mitogen-activated protein kinase cascade. Recent evidence has showed that the mitogen-activated 

protein kinases WIPK and SIPK function to negatively regulate the local resistance to tobacco mosaic 

virus accumulation, although they positively regulate systemic resistance. The use of tobacco cultivars 

that lack or have the N gene has suggested that the function of WIPK and SIPK in resistance responses 

of tobacco plants to tobacco mosaic virus is regulated by the N gene [78]. A summary of mechanisms 

regulating the N gene is presented in Figure 1. 

Figure 1. A summary of the mode of action and mechanisms regulating the N gene 

expression at different levels. SA: salycilic acid; JA: jasmonic acid. 
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3.2. Regulation of Expression and Activity of NBS-LRR Genes 

NBS-LRR genes need to be finely regulated to ensure correct resistance responses, while limiting 

their metabolic cost and any detrimental effects on plant growth. This regulation is a very complex 

process, and it takes place at different levels, from the synthesis/processing of transcripts, to the 

regulation of protein stability. 

Regulation at the transcriptional level is aimed at regulation not only of the quantity of mRNA, but 

also the quality, as in some cases, different transcript forms can be produced from the same gene by 

alternative splicing. Based on literature data, several R genes are regulated by such alternative splicing 

of their transcripts. Many cases of regulation of plant-disease resistance genes have been associated to 

TNLs, with some examples reported for CNLs in cereals [36]. The regulation by alternative splicing of 

R genes mainly acts through the induction of the synthesis of protein forms that are characterized by 

different combinations of functional domains. Many R gene transcripts have been shown to be 

produced in truncated forms that contain only one or two of the domains present in the full-length 

transcripts. This is the case for the Arabidopsis RPS6 (resistance to P. syringae 6) gene, for which 

three alternative transcripts can be produced. While the full-length protein contains three functional 

domains (TIR, NBS, LRR), the two alternative transcripts are characterized by a premature termination 

codon and they encode truncated proteins in which there are only one or two domains [79]. Other 

examples were reviewed in detail by Mastrangelo et al. [36]. Interestingly, for many truncated R 

proteins produced via alternative splicing, positive effects on resistance have been demonstrated, as for 

the RLM3 (resistance to Leptosphaeria maculans 3) [80], N [81], RPP1 [82], and RPS5 [8] genes, and 

for the RPS4 gene, an Arabidopsis TNL gene that is involved in resistance to bacterial pathogens that 

express the Avr Rps4 in a specific manner [83].  

Thus, positive roles in resistance for truncated proteins can be obtained by the alleviation of  

self-inhibition of the full-length proteins [84] or by their functioning as adaptors for downstream 

signaling events [85]. How this kind of regulation is carried out is still not clear. In a recent study,  

Xu et al. [86] analyzed the function of the Arabidopsis MOS14 (modifier of sncl-1,14) gene that codes 

for the nuclear import receptor for serine-arginine-rich proteins, which are proteins that are involved in 

different aspects of RNA metabolism. Loss of function of MOS14 results in altered splicing patterns of 

SNC1 and RPS4 and compromised resistance mediated by snc1 and RPS4, which suggests that the 

nuclear import of serine-arginine-rich proteins by MOS14 is required for the correct splicing of these 

two R genes, and is important for their functions in plant immunity. The production of diverse protein 

products can facilitate the genetic evolution of resistance to newly evolved pathogen races that express 

new effector molecules that can overcome plant resistance. In light of this, together with gene 

duplication, alternative splicing can participate in the amplification of resistance-gene variation and 

complexity, which will help plants to cope with biotic stress in plant–pathogen co-evolution [36]. 

In plants and other organisms, small RNA (sRNA) systems mediate gene silencing and can affect 

genome integrity, gene regulation, and antiviral defense [87]. MicroRNAs (miRNAs) are versatile 

regulators of gene expression in plants and animals. MiRNAs are 21 to 24 nucleotides long and are 

processed by the Dicer nuclease from long RNA precursors with base-paired fold-back structures [88]. 

The single-stranded forms of miRNAs form ribonucleoprotein complexes with Argonaute (AGO), 

which can bind by base pairing to a target RNA [89,90]. MiRNAs mediate gene silencing by acting as 
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a negative switch, or by promoting tighter regulation of the expression of a gene. Interestingly, 

miRNAs and their precursor can move through the plasmodesmata and regulate biological responses in 

adjacent cells or in separate roots and shoots [91,92]. sRNA-mediated transcriptional gene silencing 

and posttranscriptional gene silencing have been implicated in the regulation of host defenses against 

pathogens [93]. Li et al. [94] identified miRNA progenitor gene precursor transcripts, and two 

miRNAs [nta-miR6019 (22-nt) and nta-miR6020 (21-nt)] that guide the cleavage of transcripts of the 

immune receptor N. N-mediated resistance to tobacco mosaic virus is attenuated when N is  

co-expressed with nta-miR6019 and nta-miR6020. Furthermore, using a bioinformatics approach,  

six additional 22-nt miRNA and two 21-nt miRNA families from three Solanaceae species were 

identified; these can cleave transcripts of predicted functional R genes and trigger the production of 

phased secondary 21-nt small interfering (si)RNAs. In a study carried out with tomato,  

Shivaprasad et al. [95] analyzed datasets of sRNAs and identified a regulatory cascade that can affect 

disease resistance. The initiators of the cascade belong to an unusually diverse superfamily, and they 

target the coding sequence for the P-loop motif in the mRNA sequences for disease-resistance proteins 

with NBS and LRR motifs. In particular, miR482 targets mRNAs for NBS-LRR disease-resistance 

proteins with CC domains at their N terminus. Following this interaction, the mRNA decayed and 

there was production of secondary siRNAs. At least one of these secondary siRNAs targets other 

mRNAs of a defense-related protein [95]. Altogether, these results demonstrate a conserved role for 

miRNAs and secondary siRNAs in NBS-LRR immune receptor gene regulation and pathogen 

resistance in Solanaceae. 

Plant responses to pathogens need to be blocked in the absence of the pathogen, to avoid  

auto-immunity, which can be detrimental to plant growth and development. Arabidopsis SNC1 

encodes a TNL-type R protein [84]. The snc1 mutant, which is characterized by a gain-of-function 

mutation that is located in the region between the NBS and LRR domains, shows constitutively 

activated downstream defense responses, such as the accumulation of high levels of salicylic acid, and 

constitutive expression of pathogenesis-related genes [96], a phenotype that is associated with a dwarf 

morphology. The function of some proteins that have been studied consists of blocking the action of  

R proteins in the absence of the pathogen. Some of these proteins have been shown to interact with 

molecular chaperons. In Arabidopsis, the RAR1 (required for Ml-a12 conditioned resistance), SGT1 

(suppressor of G2 allele of skp1) and HSP90 (heat-shock protein 90) proteins are involved in the 

correct folding of NBS-LRR proteins. Accumulation of the barley MLA, potato Rx, and Arabidopsis 

RPM1 and RPS5 proteins was reduced when RAR1 function was compromised [97–99]. 

Compromising the activity of HSP90 also resulted in reduced accumulation of several R proteins, 

including RPM1, RPS5 and Rx [99–101]. In a recent study, Li et al. [102] identified an evolutionarily 

conserved protein, SRFR1 (suppressor of rps4-RLD 1), that interacts with SGT1 and has a role in 

repression of the immune responses; these are indeed constitutively activated in loss-of-function 

mutations of SRFR1. 

SGT1 is an E3 ubiquitin ligase, which is a component of the ubiquitination system, a  

post-translational regulation pathway in which ubiquitin is bond to lysine residues of target proteins 

and promotes their degradation by the 26S/proteasome. It has been shown by mutational analysis that 

AtSGT1b is required for A. thaliana resistance against Peronospora parasitica [103,104]. As 

interactions between SGT1 and RAR1 have been demonstrated in Arabidopsis, a model has been 
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proposed in which SGT1 participates in the degradation of RPM1 in order to control the 

hypersensitive-response lesion size and response amplitude at a site of infection [105]. The 

involvement of RAR1 and SGT1 in defense mechanisms has also been highlighted in several other 

plants [105]. Another example of E3 ubiquitin ligase being involved in resistance to pathogens is seen 

for CPR30 (constitutive expresser of pathogenesis-related genes 30), which was isolated in 

Arabidopsis. Mutations in the CPR30 gene resulted in a dwarf morphology, constitutive resistance to 

the bacterial pathogen P. syringae, and dramatic induction of defense-response gene expression. The 

growth defect of cpr30 was suppressed fully by eds1-1 (enhanced disease susceptibility 1) and ndr1-1 

(nonrace-specific disease resistance 1-1) [106]. As EDS1 and NDR1-1 constitute a regulatory hub that 

is essential for basal resistance to invasive biotrophic and hemi-biotrophic pathogens, and as they are 

also recruited by TNL and CNL proteins, respectively, to signal isolate-specific pathogen recognition, 

CPR30 might be involved in the regulation of both the TNL-type and CNL-type R-gene-mediated 

defenses [46]. 

4. NBS-LRR Genes: A Resource for Plant Breeding 

4.1. Co-Localization of NBS-LRR Genes with R Loci 

The map-based cloning of R genes has demonstrated in many cases the role of NBS-LRR genes in 

the promotion of resistance against a number of pathogens. In some cases, the molecular mechanisms 

of this action have been defined (see Section 3.1.). However, the experiments needed here are very 

time consuming and laborious, especially for species that are characterized by a complex genome. 

Alternatively, a possible role in disease resistance can be proposed for a much higher number of genes 

belonging to this family based on their co-segregation with genetically mapped R loci. 

These kinds of analysis can be carried out by the identification of NBS-LRR genes in sequenced 

genomes, and then with comparisons of their positions with those of the R loci. At the same time, it is 

possible to investigate this correspondence even for species where the genome has not been sequenced, 

through genetic maps that are rich in molecular markers that are designed on the basis of NBS-LRR 

genes. An example of the first kind of approach is represented by a study that was carried out in 

soybean. Kang et al. [24] analyzed NBS-LRR genes that co-localized with disease-resistance QTL, 

and they observed that about 63% of the disease-resistance QTL were located in the 2-Mb regions that 

flank the NBS-LRR genes. In particular, a region on chromosome 6 contained many clustered  

NBS-LRRs and was associated to seven resistance QTL, four of which conferred fungal resistance, 

and three of which conferred nematode resistance. Another example is chromosome 16, where  

40 NBS-LRR genes were mapped. In this case, 19 resistance QTL fell within the 2-Mb regions 

flanking them, as 14 QTL for fungal resistance, and five QTL for nematode resistance. A similar 

approach led by Shang et al. [14] identified relationships between NBS-LRR pseudogenes and  

blast-susceptibility in rice. In detail, they developed and analyzed an F2 population from the cross 

between a resistant indica variety and a susceptible japonica variety, through which they demonstrated 

co-segregation between the Pid3 pseudogene and this susceptible phenotype. 

In the case of genetic mapping studies, the number of NBS-LRR mapped genes is a limiting factor. 

Recently, Marone et al. [107] analyzed the nucleotide sequences of 2000 diversity arrays technology 
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(DArT) markers that were developed in wheat and had previously been used for the construction of 

several genetic maps as anonymous markers. Very interestingly, they found that a high proportion of 

the DArT clones corresponded to or were located very near to sequences related to disease resistance 

in plants, and in particular to NBS-LRR genes and protein kinases, most of which contained an LRR 

domain. These data allowed them to position a high number of NBS-LRR genes on the wheat genetic 

maps. As an example, 40 markers that corresponded to R genes were positioned on the wheat A and B 

genomes in a consensus map developed recently [108]. In particular, the DArT marker that 

corresponds to an NBS-LRR gene (wPt-1601) represents the peak marker of a major QTL for 

resistance to soil-borne cereal mosaic virus that was mapped on chromosome 2B in the durum-wheat 

population Meridiano × Claudio [109]. Furthermore, Russo et al. [110] identified two markers that 

corresponded to NBS-LRR genes as peak markers of minor QTLs for the same disease on 

chromosomes 3B and 7B in another durum-wheat population (Cirillo × Neodur). Further evidence is 

available in the literature relating to the involvement of some DArT markers that correspond to  

NBS-LRR genes in plant disease resistance. The marker wPt-8460 on chromosome 2B was shown to 

be significantly associated with stem-rust resistance by Yu et al. [111] based on an association 

mapping analysis. The sequence of this marker is not available, but it was positioned at 3 cM from the 

marker wPt-0189 in a different segregating population of durum wheat (Creso × Pedroso) [107], which 

corresponds to an NBS-LRR gene. Similar examples are also available for other species of agronomic 

interest. Ashfield et al. [112] reported that CC-NBS-LRR genes co-segregate with the Rpg1-b locus, 

which confers resistance to strains of P. syringae pv. glycinea in soybean. NBS-LRR sequences were 

shown to co-localize to 11 resistance loci in potato [113], as the Rpi-blb2 locus on chromosome  

VI [114] and the Gpa2/Rx1 locus on chromosome XII [54]. 

Experimental evidence has suggested that NBS-encoding resistance-gene analogs are also involved 

in both qualitative and quantitative resistance in cotton. Indeed, He et al. [30] showed that  

resistance-gene analogs mapped on linkage group A4 co-localized with a QTL that confers resistance 

to the cotton bacterial blight pathogen Xanthomonas campestris pv. malvacearum, while other 

resistance-gene analogs positioned on chromosome 20b co-mapped with a previously identified 

qualitative locus for resistance to bacterial blight.  

These kinds of studies are of great importance, because they provide candidate genes for several 

resistance loci and they provide valuable sources of closely linked molecular markers that can be used 

in marker-assisted selection. 

4.2. Breeding for More Resistant Crops 

The development of genetic resistance to biotic stress to obtain resistant cultivars that can still 

produce high yields and maintain excellent quality traits is the most efficient, cost effective and 

environmentally friendly approach to prevent the losses caused by plant pathogens. Plant breeders 

have traditionally approached breeding for resistance in successive steps, which have included:  

(i) screening of germplasm collections to identify sources of resistance, and characterization of their 

phenotypes; (ii) studying of the mode of inheritance; (iii) introgression of the resistance traits in elite 

cultivars; and (iv) assessment of the performance of the new cultivars under pathogen challenge in the 

field [115,116]. The identification of genetic markers for marker-assisted selection (MAS) can greatly 
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shorten the duration of a breeding program, increase the selection efficiency, and limit the phenotypic 

assessment, which is often laborious and time consuming. An alternative approach to MAS is the 

development of transgenic plants that express R genes or pathogenesis-related genes. Some transgenic 

crops that carry resistance to diseases have been developed based on information relating to the barley 

Rpg1 (reaction to Puccinia graminis 1), rice Pi9, S. bulbocastanum RB2, and soybean Rps1-k genes. 

All of these genes code for NBS-LRR proteins [117].  

Two general categories of disease resistance are mainly used in breeding for the improvement of 

disease resistance: complete or qualitative resistance, which is usually controlled by a single R gene, 

and incomplete or quantitative resistance, which is dependent on multiple genes, each of which have 

only a partial effect. R genes typically provide high levels of resistance and are relatively easy to 

manipulate, both in basic research and in applied breeding programs. However, their use is often 

limited to a specific race of a pathogen. Furthermore, they are characterized by a lack of durability, due 

to the continuous evolution of the pathogens [118]. Instead, quantitative partial resistance tends to be 

more durable than typical R-gene-mediated resistance, due to the action of multiple loci and the 

broader specificity [119]. At the same time, the limitations caused by the loss of durability of  

single-gene-based resistance can be overcome by the combination of resistance genes; i.e., by the 

incorporation of multiple R genes into single cultivars to achieve greater durability. This process is 

referred to as “gene pyramiding” or “gene stacking”. The use of molecular markers is particularly 

suitable for gene pyramiding, and in particular when different genes with similar phenotypes have to 

undergo introgression into the same genotype. A great number of alleles with different specificities in 

pathogen recognition have been identified for some R genes. The transgenic approach has recently 

been proposed as a tool to obtain plants expressing more than two alleles of an R gene. Briefly, 

transgenic plants with different alleles integrated at distinct genomic loci are produced, and then these 

plants are crossed and progenies carrying all of the alleles are selected by using allele-specific 

molecular markers. Such an approach is being used for the Pm3 gene (a CNL) for resistance to 

powdery mildew in wheat, for which 17 resistance-promoting alleles have been identified [120,121]. 

A huge number of loci for resistance to pathogens have been mapped in many species, and a 

number of these are generally used with closely linked molecular markers in breeding programs. As an 

example, in publicly financed wheat breeding programs in the USA, Australia and Canada, about  

50 genes are used in MAS for resistance to the main wheat diseases, which include powdery mildew, 

rusts, cereal cyst nematode, and viruses, and similar numbers of resistance genes are available in 

barley [122]. Nevertheless, the knowledge of the gene sequences linked to the resistance is very 

important, as this allows the design of perfect molecular markers that are not subject to the risk of 

recombination between the marker and the R gene. 

Functional markers designed on NBS-LRR genes have been used to transfer R loci to susceptible 

genotypes. Bacterial blight, which is caused by Xanthomonas oryzae pv. Oryzae (Xoo), and blast, 

which is caused by the fungus Magnaporthe grisea, are the most devastating diseases that constrain 

rice production and food security [123]. To date, over 70 blast-resistance genes have been identified 

that are distributed across all of the chromosomes except chromosome 3, and many R genes are 

clustered in particular on chromosomes 6, 11 and 12 [124]. Over the last decade, 13 complete blast  

R genes have been cloned, and except for Pi-d2, all of these R genes encode NBS-LRR proteins. 

Interestingly, clusters that comprise a number of NBS-LRR genes are present in blast-resistance loci. 
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As an example, the Pi2/9 locus on chromosome 6 contains a complex cluster of NBS-LRR genes that 

have different specificities. Among these, there are three cloned genes: Pi9, Pi2 and Pit-z. The large 

number of closely related NBS-LRR genes that are clustered in this region might contribute to the 

generation of new R alleles through recombination and uneven crossing-over, which will confer  

broad-spectrum resistance to different sets of blast strains collected from different countries. 

Furthermore, different NBS-LRR genes that are often present in the cluster can concur to produce a 

resistant phenotype [125]. Therefore, functional markers designed on the NBS-LRR genes identified in 

these resistance clusters will be valuable tools for MAS programs for the improvement of disease 

resistance to M. grisea. A cluster of six NBS-LRR genes is located in the same rice genomic clone in 

which the Pi40(t) gene was positioned. Highly stringent primer sets that were designed for these genes 

were used to select backcross lines in a MAS program for the improvement of the resistance of rice 

varieties [126]. A functional marker designed on an NBS-LRR gene linked to the Pi-1 gene for 

resistance to the same pathogen was used for gene pyramiding of this gene and Piz-5 into the same 

susceptible genotype. Furthermore, to add resistance to bacterial blight, the Xa21 gene (which is not an 

NBS-LRR gene) was also added, using genetic transformation [127]. 

Many efforts have been made internationally to incorporate modern selection technologies into 

breeding programs. An example of this is the WHEAT CAP project (http://maswheat.ucdavis.edu/), 

which is aimed at preparing MAS protocols to incorporate valuable genes for many traits of interest 

into the best wheat breeding lines. These lines are being used in the WHEAT CAP project to deploy 

the targeted genes into thousands of lines through the use of high-throughput forward-breeding 

strategies [128]. For instance, more than 160 leaf (Lr), stem (Sr) and stripe (Yr) rust resistance genes 

have been found and characterized in common hexaploid wheat, tetraploid durum wheat, and many 

diploid wild wheat species [116]. Among these, three genes for leaf-rust resistance that confer  

race-specific resistance have been isolated: Lr1 and Lr10, which originated from common wheat, and 

Lr21, which originated from Triticum tauschii [129–131]. These genes condition hypersensitive 

responses to isolates of Puccinia triticina, and they encode CNL proteins.  

5. Conclusions 

Studies of the NBS-LRR gene family in plants represent an intriguing challenge and can provide 

knowledge on the genomic and molecular mechanisms that form the basis of gene regulation and 

protein function. Their evolution at the gene and genomic level can be defined through this ancient and 

numerous gene family. Finally, the involvement of NBS-LRR genes in resistance to a plethora of 

pathogens makes these genes an invaluable source for the improvement of disease resistance in plants 

through the use of perfect molecular markers or through genetic transformation. In particular, the new 

genomic technologies can provide the chance to speed up the identification of genetic determinants of 

resistance to diseases in plants. Approaches that are based on next generation sequencing can help in 

the characterization of the numerous NBS-LRR gene family members in the plant genome, and in the 

identification of the associations between specific allelic forms and resistant phenotypes. Then,  

high-throughput genotyping platforms, such as those based on single nucleotide polymorphism chips, 

or in a very near future, genotype-by-sequencing, will strongly facilitate the selection of plants with the 

best allelic combinations at multiple loci. 



Int. J. Mol. Sci. 2013, 14 7318 

 

 

Acknowledgments 

This study was supported by the Italian Ministry of Agriculture (MiPAAF), with the special grants 

MAPPA 5A, CANADAIR and ESPLORA. We are grateful to Christopher Berrie for scientific English 

language editorial assistance. 

Conflict of Interest 

The authors declare no conflict of interest. 

References  

1. Albersheim, P.; Anderson-Prouty, A.J. Carbohydrates, proteins, cell surfaces and biochemistry of 

pathogenesis. Annu. Rev. Plant Physiol. 1975, 26, 31–52. 

2. Jones, D.A.; Takemoto, D. Plant innate immunity—Direct and indirect recognition of general 

and specific pathogen-associated molecules. Curr. Opin. Immunol. 2004, 16, 48–62. 

3. Bent, A.F.; Mackey, D. Elicitors, effectors, and R genes: The new paradigm and a lifetime supply 

of questions. Annu. Rev. Phytopathol. 2007, 45, 399–436. 

4. Flor, H.H. Current status of the gene-for-gene concept. Annu. Rev. Phytopathol. 1971, 9, 275–296. 

5. Dodds, P.N.; Rathjen, J.P. Plant immunity: Towards an integrated view of plant–pathogen 

interactions. Nat. Rev. Genet. 2010, 11, 539–548. 

6. Ade, J.; de Young, B.J.; Golstein, C.; Innes, R.W. Indirect activation of a plant nucleotide 

binding site-leucine-rich repeat protein by a bacterial protease. Proc. Natl. Acad. Sci. USA 2007, 

104, 2531–2536. 

7. Van Ooijen, G.; van den Burg, H.A.; Cornelissen, B.J.; Takken, F.L. Structure and function of 

resistance proteins in solanaceous plants. Annu. Rev. Phytopathol. 2007, 45, 43–72. 

8. Dangl, J.L.; Jones, J.D.G. Plant pathogens and integrated defence responses to infection. Nature 

2001, 411, 826–833. 

9. Tan, S.; Wu, S. Genome wide analysis of nucleotide-binding site disease resistance genes in 

Brachypodium distachyon. Comp. Funct. Genomics 2012, doi:10.1155/2012/418208.  

10. Ellis, J.; Dodds, P.; Pryor, T. Structure, function and evolution of plant disease resistance genes. 

Curr. Opin. Plant Biol. 2000, 3, 278–84. 

11. Jones, J.D.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. 

12. Porter, B.W.; Paidi, M.; Ming, R.; Alam, M.; Nishijima, W.T.; Zhu, Y.J. Genome-wide analysis 

of Carica papaya reveals a small NBS resistance gene family. Mol. Genet. Genomics 2009, 281, 

609–626. 

13. Wan, H.; Yuan, W.; Bo, K.; Shen, J.; Pang, X.; Chen, J. Genome-wide analysis of NBS-encoding 

disease resistance in Cucumis sativus and phylogenetic study of NBS-encoding genes in 

Cucurbitaceae crops. BMC Genomics 2013, 14, 109. 

14. Shang, J.; Tao, Y.; Chen, X.; Zou, Y.; Lei, C.; Wang, J.; Li, X.; Zhao, X.; Zhang, M.; Lu, Z.;  

et al. Identification of a new rice blast resistance gene, Pid3, by genome wide comparison of 

paired nucleotide-binding site leucine-rich repeat genes and their pseudogene alleles between the 

two sequenced rice genomes. Genetics 2009, 182, 1303–1311. 



Int. J. Mol. Sci. 2013, 14 7319 

 

 

15. Jupe, F.; Pritchard, L.; Etherington, G.J.; MacKenzie, K.; Cock, P.J.A.; Wright, F.; Sharma, S.K.; 

Bolser, D.; Bryan, G.J.; Jones, J.D.G.; et al. Identification and localisation of the NB-LRR gene 

family within the potato genome. BMC Genomics 2012, 13, 75. 

16. Lozano, R.; Ponce, O.; Ramirez, M.; Mostajo, N.; Orjeda, G. Genome-wide identification and 

mapping of NBS-encoding resistance genes in Solanum tuberosum group Phureja. PLoS One 

2012, 7, e34775.  

17. Mun, J.H.; Yu, H.J.; Park, S.; Park, B.S. Genome-wide identification of NBS-encoding 

resistance genes in Brassica rapa. Mol. Genet. Genomics 2009, 282, 617–631. 

18. Li, X.; Cheng, Y.; Ma, W.; Zhao, Y.; Jiang, H.; Zhang, M. Identification and characterization of 

NBS-encoding disease resistance genes in Lotus japonicus. Plant Syst. Evol. 2010, 289, 101–110. 

19. Ameline-Torregrosa, C.; Wang, B.B.; O’Bleness, M.S. Identification and characterization of 

nucleotide-binding site-leucine-rich repeat genes in the model plant Medicago truncatula. Plant 

Physiol. 2008, 146, 5–21. 

20. Meyers, B.C.; Kozik, A.; Griego, A.; Kuang, H.; Michelmore, R.W. Genome-wide analysis of 

NBS-LRR-encoding genes in Arabidopsis. Plant Cell 2003, 15, 809–834.  

21. Guo, Y.L.; Fitz, J.; Schneeberger, K.; Ossowski, S.; Cao, J.; Weigel, D. Genome-wide 

comparison of nucleotide-binding site-leucine-rich-repeat-encoding genes in Arabidopsis.  

Plant Physiol. 2011, 157, 757–769. 

22. Kohler, A.; Rinaldi, C.; Duplessis, S.; Baucher, M.; Geelen, D.; Duchaussoy, F.; Meyers, B.C.; 

Boerjan, W.; Martin, F. Genome-wide identification of NBS resistance genes in Populus trichocarpa. 

Plant Mol. Biol. 2008, 66, 619–636. 

23. Yang, S.; Zhang, X.; Yue, J.X.; Tian, D.; Chen, J.Q. Recent duplications dominate  

NBS-encoding gene expansion in two woody species. Mol. Genet. Genomics 2008, 280,  

187–198. 

24. Kang, Y.J.; Kim, K.H.; Shim, S.; Yoon, M.Y.; Sun, S.; Kim, M.Y.; Van, K.; Lee, S.H.  

Genome-wide mapping of NBS-LRR genes and their association with disease resistance in 

soybean. BMC Plant Biol. 2012, 12, 139. 

25. Hulbert, S.H.; Webb, C.A.; Smith, S.M.; Sun, Q. Resistance gene complexes: Evolution and 

utilization. Annu. Rev. Phytopathol. 2001, 39, 285–312. 

26. McDowell, J.M.; Simon, S.A. Recent insights into R gene evolution. Mol. Plant Pathol. 2006, 7, 

437–448. 

27. Leister, D. Tandem and segmental gene duplication and recombination in the evolution of plant 

disease resistance gene. Trends Genet. 2004, 20, 116–122. 

28. Yang, S.; Feng, Z.; Zhang, X.; Jiang, K.; Jin, X.; Hang, Y.; Chen, J.Q.; Tian, D. Genome-wide 

investigation on the genetic variations of rice disease resistance genes. Plant Mol. Biol. 2006, 62, 

181–193. 

29. Chandrasekaran, C.; Betrán, E. Origins of new genes and pseudogenes. Nat. Educ. 2008, 1, 1. 

30. He, L.; Du, C.; Covaleda, L.; Xu, Z.; Robinson, A.F.; Yu, J.Z.; Kohel, R.J.; Zhang, H.B. 

Cloning, characterization, and evolution of the NBS-LRR-encoding resistance gene analogue 

family in polyploid cotton (Gossypium hirsutum L.). Mol. Plant Microbe Interact. 2004, 17, 

1234–1241. 



Int. J. Mol. Sci. 2013, 14 7320 

 

 

31. Luo, S.; Zhang, Y.; Hu, Q.; Chen, J.; Li, K.; Lu, C.; Liu, H.; Wang, W.; Kuang, H. Dynamic 

nucleotide-binding-site and leucine-rich-repeat-encoding genes in the grass family. Plant Physiol. 

2012, 159, 197–210.  

32. Meyers, B.C.; Dickerman, A.W.; Michelmore, R.W.; Sivaramakrishnan, S.; Sobral, B.W.; 

Young, N.D. Plant disease resistance genes encode members of an ancient and diverse protein 

family within the nucleotide-binding superfamily. Plant J. 1999, 20, 317–332. 

33. Monosi, B.; Wisser, R.J.; Pennill, L.; Hulbert, S.H. Full-genome analysis of resistance gene 

homologues in rice. Theor. Appl. Genet. 2004, 109, 1434–1447. 

34. Liu, J.J.; Ekramoddoullah, A.K. Isolation, genetic variation and expression of TIR-NBS-LRR 

resistance gene analogs from western white pine (Pinus monticola Dougl. ex. D. Don.).  

Mol. Genet. Genomics 2003, 270, 432–441. 

35. Hirotsune, S.; Yoshida, N.; Chen, A.; Garrett, L.; Sugiyama, F.; Takahashi, S.; Yagami, K.; 

Wynshaw-Boris, A.; Yoshiki, A. An expressed pseudogene regulates the messenger-RNA 

stability of its homologous coding gene. Nature 2003, 423, 91–96. 

36. Mastrangelo, A.M.; Marone, D.; Laidò, G.; De Leonardis, A.M.; de Vita, P. Alternative splicing: 

Enhancing ability to cope with stress via transcriptome plasticity. Plant Sci. 2012, 185–186,  

40–49. 

37. Michelmore, R.W.; Meyers, B.C. Clusters of resistance genes in plants evolve by divergent 

selection and a birth-and-death process. Genome Res. 1998, 8, 1113–1130. 

38. Young, N.D. The genetic architecture of resistance. Curr. Opin. Plant Biol. 2000, 3, 285–290. 

39. Sun, Q.; Collins, N.C.; Ayliffe, M.; Smith, S.M.; Drake, J.; Pryor, T.; Hulbert, S.H. 

Recombination between paralogues at the Rp1 rust resistance locus in maize. Genetics 2001, 

158, 423–438. 

40. Kuang, H.; Woo, S.S.; Meyers, B.C.; Nevo, E.; Michelmore, R.W. Multiple genetic processes 

result in heterogeneous rates of evolution within the major cluster disease resistance genes in 

lettuce. Plant Cell 2004, 16, 2870–2894. 

41. Mondragon-Palomino, M.; Meyers, B.C.; Michelmore, R.W.; Gaut, B.S. Patterns of positive 

selection in the complete NBS-LRR gene family of Arabidopsis thaliana. Genome Res. 2002, 12, 

1305–1315. 

42. McHale, L.; Tan, X.; Koehl, P.; Michelmore, R.W. Plant NBS-LRR proteins: Adaptable guards. 

Genome Biol. 2006, 7, 212. 

43. Yue, J.X.; Meyers, B.C.; Chen, J.Q.; Tian, D.; Yang, S. Tracing the origin and evolutionary 

history of plant NBS-LRR genes. New Phytol. 2012, 193, 1049–1063. 

44. Xue, J.-Y.; Wang, Y.; Wu, P.; Wang, Q.; Yang, L.-T.; Pan, X.-H.; Wang, B.; Chen, J.-Q. A 

primary survey on bryophyte species reveals two novel classes of nucleotide-binding site (NBS) 

genes. PLoS One 2012, 7, e36700. 

45. Pan, Q.; Wendel, J.; Fluhr, R. Divergent evolution of plant NBS-LRR resistance gene 

homologues in dicot and cereal genomes. J. Mol. Evol. 2000, 50, 203–213. 

46. Gou, M.; Su, N.; Zheng, J.; Huai, J.; Wu, G.; Zhao, J.; He, J.; Tang, D.; Yang, S.; Wang, G. An 

F-box gene, CPR30, functions as a negative regulator of the defense response in Arabidopsis. 

Plant J. 2009, 60, 757–770. 



Int. J. Mol. Sci. 2013, 14 7321 

 

 

47. Głowacki, S.; Macioszek, V.K.; Kononowicz, A.K. R proteins as fundamentals of plant innate 

immunity. Cell. Mol. Biol. Lett. 2011, 16, 1–24. 

48. Hull, R. Matthew’s Plant Virology; Academic Press: New York, NY, USA, 2002. 

49. Sekine, K.-T.; Kawakami, S.; Hase, S.; Kubota, M.; Ichinose, Y.; Shah, J.; Kang, H.-G.;  

Klessig, D.F.; Takahashi, H. High level expression of a virus resistance gene, RCY1, confers 

extreme resistance to cucumber mosaic virus in Arabidopsis thaliana. Mol. Plant Microbe 

Interact. 2008, 21, 1398–1407. 

50. McDowell, J.M.; Dhandaydham, M.; Long, T.A.; Aarts, M.G.; Goff, S.; Holub, E.B.; Dangl, J.L. 

Intragenic recombination and diversifying selection contribute to the evolution of downy mildew 

resistance at the RPP8 locus of Arabidopsis. Plant Cell 1998, 10, 1861–1874. 

51. Cooley, M.B.; Pathirana, S.; Wu, H.J.; Kachroo, P.; Klessig, D.F. Members of the Arabidopsis 

HRT/RPP8 family of resistance genes confer resistance to both viral and oomycete pathogens. 

Plant Cell 2000, 12, 663–676. 

52. Takahashi, H.; Miller, J.; Nozaki, Y.; Takeda, M.; Shah, J.; Hase, S.; Ikegami, M.; Ehara, Y.; 

Dinesh-Kumar, S.P. RCY1, an Arabidopsis thaliana RPP8/HRT family resistance gene, 

conferring resistance to cucumber mosaic virus requires salicylic acid, ethylene and a novel 

signal transduction mechanism. Plant J. 2002, 32, 655–667. 

53. Bendahmane, A.; Querci, M.; Kanyuka, K.; Baulcombe, D.C. Agrobacterium transient 

expression system as a tool for the isolation of disease resistance genes: Application to the Rx2 

locus in potato. Plant J. 2000, 21, 73–81. 

54. Van der Vossen, E.; Rouppe van der Voort, J.; Kanyuka, K.; Bendahmane, A.; Sandbrink, H.; 

Baulcombe, D.; Bakker, J.; Stiekema, W.; Klein-Lankhorst, R. Homologs of a single  

resistance-gene cluster in potato confer resistance to distinct pathogens: A virus and a nematode. 

Plant J. 2000, 23, 567–576. 

55. Qi, D.; de Young, B.J.; Innes, R.W. Structure-function analysis of the coiled-coil and  

leucine-rich repeat domains of the RPS5 disease resistance protein. Plant Physiol. 2012, 158, 

1819–1832. 

56. Williams, S.J.; Sornaraj, P.; deCourcy-Ireland, E.; Menz, R.I.; Kobe, B.; Ellis, J.G.; Dodds, P.N.; 

Anderson, P.A. An autoactive mutant of the M flax rust resistance protein has a preference for 

binding ATP, whereas wild-type M protein binds ADP. Mol. Plant Microbe Interact. 2011, 24, 

897–906. 

57. Van Ooijen, G.; Mayr, G.; Kasiem, M.M.A.; Albrecht, M.; Cornelissen, B.J.C.; Takken, F.L.W. 

Structure-function analysis of the NB-ARC domain of plant disease resistance proteins.  

J. Exp. Bot. 2008, 59, 1383–1397. 

58. Takken, F.L.; Albrecht, M.; Tameling, W.I. Resistance proteins: Molecular switches of plant 

defense. Curr. Opin. Plant Biol. 2006, 9, 383–390. 

59. Moffett, P.; Farnham, G.; Peart, J.; Baulcombe, D.C. Interaction between domains of a plant 

NBS-LRR protein in disease resistance-related cell death. EMBO J. 2002, 21, 4511–4519. 

60. Dodds, P.N.; Lawrence, G.J.; Catanzariti, A.M.; The, T.; Wang, C.I.; Ayliffe, M.A.; Kobe, B.; 

Ellis, J.G. Direct protein interaction underlies gene-for-gene specificity and coevolution of the 

flax resistance genes and flax rust avirulence genes. Proc. Natl. Acad. Sci. USA 2006, 103,  

8888–8893. 



Int. J. Mol. Sci. 2013, 14 7322 

 

 

61. Hwang, C.F.; Williamson, V.M. Leucine-rich repeat-mediated intramolecular interactions in 

nematode recognition and cell death signaling by the tomato resistance protein Mi. Plant J. 2003, 

34, 585–593. 

62. Rairdan, G.J.; Moffett, P. Distinct domains in the ARC region of the potato resistance protein Rx 

mediate LRR binding and inhibition of activation. Plant Cell 2006, 18, 2082–2093. 

63. Van Ooijen, G.; Mayr, G.; Albrecht, M.; Cornelissen, B.J.; Takken, F.L. Transcomplementation, 

but not physical association of the CC-NB-ARC and LRR domains of tomato R protein Mi-1.2 is 

altered by mutations in the ARC2 subdomain. Mol. Plant 2008, 1, 401–410. 

64. Mestre, P.; Baulcombe, D.C. Elicitor-mediated oligomerization of the tobacco N disease 

resistance protein. Plant Cell 2006, 18, 491–501. 

65. Tao, Y.; Yuan, F.; Leister, RT.; Ausubel, F.M.; Katagiri, F. Mutational analysis of the 

Arabidopsis nucleotide binding site-leucine-rich repeat resistance gene RPS2. Plant Cell 2000, 

12, 2541–2554. 

66. Collier, S.M.; Hamel, L.P.; Moffett, P. Cell death mediated by the N-terminal domains of a 

unique and highly conserved class of NB-LRR protein. Mol. Plant Microbe Interact. 2011, 24, 

918–931. 

67. Gao, Z.; Chung, E.-H.; Eitas, T.K.; Dangl, J.L. Plant intracellular innate immune receptor 

Resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) is activated at, and functions on, 

the plasma membrane. Proc. Natl. Acad. Sci. USA 2011,108, 7619–7624. 

68. Maekawa, T.; Cheng, W.; Spiridon, L.N.; Töller, A.; Lukasik, E.; Saijo, Y.; Liu, P.; Shen, Q.H.; 

Micluta, M.A.; Somssich, I.E.; et al. Coiled-coil domain-dependent homodimerization of 

intracellular barley immune receptors defines a minimal functional module for triggering cell 

death. Cell Host Microbe 2011, 9, 187–199. 

69. Rairdan, G.J.; Collier, S.M.; Sacco, M.A.; Baldwin, T.T.; Boettrich, T.; Moffett, P. The  

coiled-coil and nucleotide binding domains of the potato Rx disease resistance protein function in 

pathogen recognition and signaling. Plant Cell 2008, 20, 739–751. 

70. Shen, Q.H.; Saijo, Y.; Mauch, S.; Biskup, C.; Bieri, S.; Keller, B.; Seki1, H.; Ülker, B.; 

Somssich, I.E.; Schulze-Lefert P. Nuclear activity of MLA immune receptors links  

isolate-specific and basal disease-resistance responses. Science 2007, 315, 1098–1103. 

71. Meier, I.; Somers, D.E. Regulation of nucleocytoplasmic trafficking in plants. Curr. Opin.  

Plant Biol. 2011, 14, 538–546. 

72. Burch-Smith, T.M.; Schiff, M.; Caplan, J.L.; Tsao, J.; Czymmek, K.; Dinesh-Kumar, S.P. A 

novel role for the TIR domain in association with pathogen-derived elicitors. PLoS Biol. 2007,  

5, e68. 

73. Deslandes, L.; Olivier, J.; Peeters, N.; Feng, D.X.; Khounlotham, M.; Boucher, C.; Somssich, I.; 

Genin, S.; Marco, Y. Physical interaction between RRS1-R, a protein conferring resistance to 

bacterial wilt, and PopP2, a type III effector targeted to the plant nucleus. Proc. Natl. Acad.  

Sci. USA 2003, 100, 8024–8029. 

74. Wirthmueller, L.; Zhang, Y.; Jones, J.D.G.; Parker, J.E. Nuclear accumulation of the Arabidopsis 

immune receptor RPS4 is necessary for triggering EDS1-dependent defense. Curr. Biol. 2007, 

17, 2023–2029. 



Int. J. Mol. Sci. 2013, 14 7323 

 

 

75. Cheng, Y.T.; Germain, H.; Wiermer, M.; Bi, D.; Xu, F.; Garcíae, A.V.; Wirthmuellere, L.; 

Desprésf, C.; Parkere, J.E.; Zhang, Y.; et al. Nuclear pore complex component MOS7/Nup88 is 

required for innate immunity and nuclear accumulation of defense regulators in Arabidopsis. 

Plant Cell 2009, 21, 2503–2516. 

76. Bai, S.; Liu, J.; Chang, C.; Zhang, L.; Maekawa, T.; Wang, Q.; Xiao, W.; Liu, Y.; Chai, J.; 

Takken, F.L.W.; et al. Structure-function analysis of barley NLR immune receptor MLA10 

reveals its cell compartment specific activity in cell death and disease resistance. PLoS Pathog. 

2012, 8, e1002752. 

77. Bhattacharjee, S.; Zamora, A.; Tehseen Azhar, M.; Sacco, M.A.; Lambert, L.H.; Moffett, P. 

Virus resistance induced by NB–LRR proteins involves Argonaute4-dependent translational 

control. Plant J. 2009, 58, 940–951. 

78. Kobayashi, M.; Seo, S.; Hirai, K.; Yamamoto-Katou, A.; Katou, S.; Seto, H.; Meshi, T.; 

Mitsuhara, I.; Ohashi, Y. Silencing of WIPK and SIPK mitogen-activated protein kinases reduces 

tobacco mosaic virus accumulation but permits systemic viral movement in tobacco possessing 

the N resistance gene. Mol. Plant Microbe Interact. 2010, 23, 1032–1041. 

79. Kim, S.H.; Kwon, S.I.; Saha, D.; Anyanwu, N.C.; Gassmann, W. Resistance to the Pseudomonas 

syringae effector HopA1 is governed by the TIR-NBS-LRR protein RPS6 and is enhanced by 

mutations in SRFR11. Plant Physiol. 2009, 150, 1723–1732. 

80. Staal, J.; Dixelius, C. RLM3, a potential adaptor between specific TIR-NB-LRR receptors and 

DZC proteins. Commun. Integr. Biol. 2008, 1, 59–61. 

81. Dinesh-Kumar, S.P.; Baker, B. Alternatively spliced N resistance gene transcripts: Their possible 

role in tobacco mosaic virus resistance. Proc. Natl. Acad. Sci. USA 2000, 97, 1908–1913. 

82. Weaver, L.M.; Swiderski, M.R.; Li, Y.; Jones, J.D.G. The Arabidopsis thaliana TIR-NB-LRR  

R-protein, RPP1A; protein localization and constitutive activation of defence by truncated alleles 

in tobacco and Arabidopsis. Plant J. 2006, 47, 829–840. 

83. Zhang, X.C.; Gassmann, W. RPS4-mediated disease resistance requires the combined presence 

of RPS4 transcripts with full-length and truncated open reading frames. Plant Cell 2003, 15, 

2333–2342. 

84. Zhang, Y.; Goritschnig, S.; Dong, X.; Li, X. A gain-of-function mutation in a plant disease 

resistance gene leads to constitutive activation of downstream signal transduction pathways in 

suppressor of npr1-1, constitutive 1. Plant Cell 2003, 15, 2636–2646. 

85. Duque, P. A role for SR proteins in plant stress responses. Plant Signal. Behav. 2011, 6, 49–54. 

86. Xu, S.; Zhang, Z.; Jing, B.; Gannon, P.; Ding, J.; Xu, F.; Li, X.; Zhang, Y. Transportin-SR is 

required for proper splicing of resistance genes and plant immunity. PLoS Genet. 2011,  

7, e1002159. 

87. Mallory, A.C.; Bouché, N. MicroRNA-directed regulation: To cleave or not to cleave.  

Trends Plant Sci. 2008, 13, 359–367. 

88. Baulcombe, D. RNA silencing in plants. Nature 2004, 431, 356–363. 

89. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. 

90. Voinnet, O. Origin, biogenesis, and activity of plant microRNAs. Cell 2009, 136, 669–687. 

91. Bari, R.; Datt Pant, B.; Stitt, M.; Scheible, W.-R. PHO2, microRNA399, and PHR1 define a 

phosphate-signaling pathway in plants. Plant Physiol. 2006, 141, 988–999. 



Int. J. Mol. Sci. 2013, 14 7324 

 

 

92. Pant, B.D.; Buhtz, A.; Kehr, J.; Scheible, W.R. Micro-RNA399 is a long-distance signal for the 

regulation of plant phosphate homeostasis. Plant J. 2008, 53, 731–738. 

93. Yi, H.; Richards, E.J. A cluster of disease resistance genes in Arabidopsis is coordinately 

regulated by transcriptional activation and RNA silencing. Plant Cell 2007, 19, 2929–2939. 

94. Li, F.; Pignatta, D.; Bendix, C.; Brunkard, J.O.; Cohn, M.M.; Tung, J.; Sun, H.; Kumar, P.; 

Baker, B. MicroRNA regulation of plant innate immune receptors. Proc. Natl. Acad. Sci. USA 

2012, 109, 1790–1795. 

95. Shivaprasad, P.V.; Chen, H.-M.; Patel, K.; Bond, D.M.; Santos, B.A.C.M.; Baulcombe, D.C. A 

microRNA superfamily regulates nucleotide binding site leucine-rich repeats and other mRNAs. 

Plant Cell 2012, 24, 859–874. 

96. Li, X.; Clarke, J.D.; Zhang, Y.; Dong, X. Activation of an EDS1-mediated R-gene pathway in  

the snc1 mutant leads to constitutive, NPR1-independent pathogen resistance. Mol. Plant 

Microbe Interact. 2001, 14, 1131–1139. 

97. Tornero, P.; Merritt, P.; Sadanandom, A.; Shirasu, K.; Innes, R.W.; Dangl, J.L. RAR1 and NDR1 

contribute quantitatively to disease resistance in Arabidopsis, and their relative contributions are 

dependent on the R gene assayed. Plant Cell 2002, 14, 1005–1015. 

98. Bieri, S.; Mauch, S.; Shen, Q.H.; Peart, J.; Devoto, A.; Casais, C.; Ceron, F.; Schulze, S.; 

Steinbiß, H.-H.; Shirasu, K.; Schulze-Lefert, P. RAR1 positively controls steady state levels of 

barley MLA resistance proteins and enables sufficient MLA6 accumulation for effective 

resistance. Plant Cell 2004, 16, 3480–3495. 

99. Holt, B.F.; Belkhadir, Y.; Dangl, J.L. Antagonistic control of disease resistance protein stability 

in the plant immune system. Science 2005, 309, 929–932. 

100. Hubert, D.A.; Tornero, P.; Belkhadir, Y.; Krishna, P.; Takahashi, A.; Shirasu, K.; Dangl, J.L. 

Cytosolic HSP90 associates with and modulates the Arabidopsis RPM1 disease resistance 

protein. EMBO J. 2003, 22, 5679–5689. 

101. Lu, R.; Malcuit, I.; Moffett, P.; Ruiz, M.T.; Peart, J.; Wu, A.-J.; Rathjen, J.P.; Bendahmane, A.; 

Day, L.; Baulcombe, D.C. High throughput virus-induced gene silencing implicates heat shock 

protein 90 in plant disease resistance. EMBO J. 2003, 22, 5690–5699. 

102. Li, Y.; Li, S.; Bi, D.; Cheng, Y.T.; Li, X.; Zhang, Y. SRFR1 Negatively regulates plant NB-LRR 

resistance protein accumulation to prevent autoimmunity. PLoS Pathog. 2010, 6, e1001111. 

103. Austin, M.J.; Muskett, P.; Kahn, K.; Feys, B.J.; Jones, J.D.; Parker, J.E. Regulatory role of SGT1 

in early R gene-mediated plant defenses. Science 2002, 295, 2077–2080.  

104. Tör, M.; Gordon, P.; Cuzick, A.; Eulgem, T.; Sinapidou, E.; Mert, F.; Can, C.; Dangl, J.L.; 

Holub, E.B. Arabidopsis SGT1b is required for defense signaling conferred by several downy 

mildew (Peronospora parasitica) resistance genes. Plant Cell 2002, 14, 993–1003. 

105. Dielen, A.S.; Badaoui, S.; Candresse, T.; German-Retana, S. The ubiquitin/26S proteasome 

system in plant-pathogen interactions: A never-ending hide-and-seek game. Mol. Plant Pathol. 

2010, 11, 293–308. 

106. Wiermer, M.; Feys, B.J.; Parker, J.E. Plant immunity: The EDS1 regulatory node. Curr. Opin. 

Plant Biol. 2005, 8, 383–389. 



Int. J. Mol. Sci. 2013, 14 7325 

 

 

107. Marone, D.; Panio, G.; Ficco, D.B.M.; Russo, M.A.; de Vita, P.; Papa, R.; Rubiales, D.; 

Cattivelli, L.; Mastrangelo, A. Characterization of wheat DArT markers: Genetic and functional 

features. Mol. Genet. Genomics 2012, 287, 741–753. 

108. Marone, D.; Laidò, G.; Gadaleta, A.; Colasuonno, P.; Ficco, D.B.M.; Giancaspro, A.; Giove, S.; 

Panio, G.; Russo, M.A.; de Vita, P.; et al. A high-density consensus map of A and B wheat 

genomes. Theor. Appl. Genet. 2012, 125, 1619–1638. 

109. Maccaferri, M.; Ratti, C.; Rubies-Autonell, C.; Vallega, V.; Demontis, A.; Stefanelli, S.; 

Tuberosa, R.; Sanguineti, M.C. Resistance to soil-borne cereal mosaic virus in durum wheat is 

controlled by a major QTL on chromosome arm 2BS and minor loci. Theor. Appl. Genet. 2011, 

123, 527–544. 

110. Russo, M.A.; Ficco, D.B.M.; Marone, D.; de Vita, P.; Vallega, V.; Rubies-Autonell, C.; Ratti, C.; 

Ferragonio, P.; Giovanniello, V.; Pecchioni, N.; et al. A major QTL for resistance to soil-borne 

cereal mosaic virus derived from an old Italian durum wheat cultivar. J. Plant Int. 2012, 7,  

290–300. 

111. Yu, L.X.; Lorenz, A.; Rutkoski, J.; Singh, R.P.; Bhavani, S.; Huerta-Espino, J.; Sorrells, M.E. 

Association mapping and gene–gene interaction for stem rust resistance in CIMMYT spring 

wheat germplasm. Theor. Appl. Genet. 2011, 123, 1257–1268. 

112. Ashfield, T.; Bocian, A.; Held, D.; Henk, A.D.; Marek, L.F.; Danesh, D.; Peñuela, S.;  

Meksem, K.; Lightfoot, D.A.; Young, N.D.; et al. Genetic and physical localization of the 

soybean Rpg1-b disease resistance gene reveals a complex locus containing several tightly linked 

families of NBS-LRR genes. Mol. Plant Microbe Interact. 2003, 16, 817–826. 

113. Bakker, E.; Borm, T.; Prins, P.; van der Vossen, E.; Uenk, G.; Arens, M.; de Boer, J.;  

van Eck, H.; Muskens, M.; Vossen, J.; et al. A genome-wide genetic map of NB-LRR disease 

resistance loci in potato. Theor. Appl. Genet. 2011, 123, 493–508. 

114. Van der Vossen, E.A.; Gros, J.; Sikkema, A.; Muskens, M.; Wouters, D.; Wolters, P.;  

Pereira, A.; Allefs, S. The Rpi-blb2 gene from Solanum bulbocastanum is an Mi-1 gene homolog 

conferring broad-spectrum late blight resistance in potato. Plant J. 2005, 44, 208–222. 

115. Gòmez, P.; Rodrìguez-Hernàndez, A.M.; Moury, B.; Aranda, M.A. Genetic resistance for the 

sustainable control of plant virus disease: Breeding, mechanisms and durability. Eur. J. Plant Pathol. 

2009, 125, 1–22. 

116. Todorovska, E.; Christov, N.; Slavov, S.; Christova, P.; Vassilev, D. Biotic stress resistance in 

wheat—Breeding and genomic selection implications. Biotechnol. Biotechnol. Equip. 2009, 23, 

1417–1426.  

117. Collinge, D.B.; Jørgensen, H.J.L.; Lund, O.S.; Lyngkjær, M.F. Engineering pathogen resistance 

in crop plants: Current trends and future prospects. Annu. Rev. Phytopathol. 2010, 48, 269–291. 

118. Parlevliet, J.E. Durability of resistance against fungal, bacterial and viral pathogens; present 

situation. Euphytica 2002, 124, 147–156. 

119. Poland, J.A.; Balint-Kurti, P.J.; Wisser, R.J.; Pratt, R.C.; Nelson, R.J. Shades of gray: The world 

of quantitative disease resistance. Trends Plant Sci. 2008, 14, 21–29. 

120. Bhullar, N.K.; Zhang, Z.; Wicker, T.; Keller, B. Wheat gene bank accessions as a source of new 

alleles of the powdery mildew resistance gene Pm3: A large scale allele mining project.  

BMC Plant Biol. 2010, 10, 88. 



Int. J. Mol. Sci. 2013, 14 7326 

 

 

121. Brunner, S.; Stirnweis, D.; Diaz Quijano, C.; Buesing, G.; Herren, G.; Parlange, F.; Barret, P.; 

Tassy, C.; Sautter, C.; Winzeler, M.; et al. Transgenic Pm3 multilines of wheat show increased 

powdery mildew resistance in the field. Plant Biotechnol. J. 2012, 10, 398–409. 

122. Miedaner, T.; Korzun, V. Marker-assisted selection for disease resistance in wheat and barley 

breeding. Phytopathology 2012, 102, 560–566. 

123. Okuyama, Y.; Kanzaki, H.; Abe, A.; Yoshida, K.; Tamiru, M.; Saitoh, H.; Fujibe, T.; 

Matsumura, H.; Shenton, M.; Galam, D.C.; et al. A multifaceted genomics approach allows the 

isolation of the rice Pia-blast resistance gene consisting of two adjacent NBS-LRR protein genes. 

Plant J. 2011, 66, 467–479. 

124. Liu, J.; Wang, X.; Mitchell, T.; Hu, Y.; Liu, X.; Dai, L.; Wang, G.L. Recent progress and 

understanding of the molecular mechanisms of the rice–Magnaporthe oryzae interaction.  

Mol. Plant Pathol. 2010, 11, 419–427. 

125. Lee, S.K.; Song, M.Y.; Seo, Y.S. Rice Pi5 mediated rsistance to Magnaporthe oryzae requires 

the presence of two coiled-coil-nucleotide-binding-leucine-rich repeat genes. Genetics 2009, 181, 

1627–1638. 

126. Jeung, J.U.; Kim, B.R.; Cho, Y.C.; Han, S.S.; Moon, H.P.; Lee, Y.T.; Jena, K.K. A novel gene, 

Pi40(t), linked to the DNA markers derived from NBS-LRR motifs confers broad spectrum of 

blast resistance in rice. Theor. Appl. Genet. 2007, 115, 1163–1177. 

127. Narayanan, N.N.; Baisakh, N.; Oliva, N.P.; VeraCruz, C.M.; Gnanamanickam, S.S.; Datta, K.; 

Datta, S.K. Molecular breeding: Marker-assisted selection combined with biolistic transformation 

for blast and bacterial blight resistance in Indica rice (cv. CO39). Mol. Breed. 2004, 14, 61–71. 

128. Borrelli, G.M.; de Vita, P.; Mastrangelo, A.M.; Cattivelli, L. Integrated Views in Plant Breeding: 

Modern Approaches for An Old Topic. In Applied Crop Physiology: Boundaries with Genetic 

Improvement and Agronomy. Part 3—Crop Physiology, Genetic Improvement, and Agronomy; 

Sadras, V.O., Calderini, D.F., Eds.; Elsevier: New York, NY, USA, 2009. 

129. Cloutier, S.; McCallum, B.D.; Loutre, C.; Banks, T.W.; Wicker, T.; Feuillet, C.; Keller, B.; 

Jordan, M.C. Leaf rust resistance gene Lr1, isolated from bread wheat (Triticum aestivum L.) is a 

member of the large psr567 gene family. Plant Mol. Biol. 2007, 65, 93–106. 

130. Feuillet, C.; Travella, S.; Stein, N.; Albar, L.; Nublat, A.; Keller, B. Map-based isolation of the 

leaf rust disease resistance gene Lr10 from the hexaploid wheat (Triticum aestivum L.) genome. 

Proc. Natl. Acad. Sci. USA 2003, 100, 15253–15258. 

131. Huang, L.; Brooks, S.A.; Li, W.; Fellers, J.P.; Trick, H.N.; Gill, B.S. Map-based cloning of leaf 

rust resistance gene Lr21 from the large and polyploid genome of bread wheat. Genetics 2003, 

164, 655–664. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


