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Abstract 1 

Disease resistance genes encoding intracellular immune receptors of the nucleotide-binding 2 

and leucine-rich repeat (NLR) class of proteins detect pathogens by the presence of pathogen 3 

effectors. Plant genomes typically contain hundreds of NLR encoding genes. The availability 4 

of the hexaploid wheat cultivar Chinese Spring reference genome now allows a detailed study 5 

of its NLR complement. However, low NLR expression as well as high intra-family sequence 6 

homology hinders their accurate gene annotation. Here we developed NLR-Annotator for in 7 

silico NLR identification independent of transcript support. Although developed for wheat, we 8 

demonstrate the universal applicability of NLR-Annotator across diverse plant taxa. Applying 9 

our tool to wheat and combining it with a transcript-validated subset of genes from the 10 

reference gene annotation, we characterized the structure, phylogeny and expression profile of 11 

the NLR gene family. We detected 3,400 full-length NLR loci of which 1,540 were confirmed 12 

as complete genes. NLRs with integrated domains mostly group in specific sub-clades. 13 

Members of another subclade predominantly locate in close physical proximity to NLRs 14 

carrying integrated domains suggesting a paired helper-function. Most NLRs (88%) display 15 

low basal expression (in the lower 10 percentile of transcripts), which may be tissue-specific 16 

and/or induced by biotic stress. As a case study for applying our tool to the positional cloning 17 

of resistance genes, we estimated the number of NLR genes within the intervals of mapped rust 18 

resistance genes. Our study will support the identification of functional resistance genes in 19 

wheat to accelerate the breeding and engineering of disease resistant varieties. 20 

 21 
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 3 

Background 1 

The status of wheat as the world’s most widely grown and important food crop [1] is 2 

threatened by the emergence and spread of new and old diseases. For example, 3 

wheat stem rust, long considered a vanquished foe of the past, has in the last 20 years 4 

caused devastating epidemics in Africa [2, 3] and eastern Russia [4], while, in 2013 5 

and 2016 large outbreaks occurred for the first time in >50 years in western Europe 6 

[5, 6]. The spread of disease into new regions can be attributed to the very success of 7 

wheat as a globally traded commodity. In that context, wheat blast, a new disease for 8 

wheat, which had until recently been confined to Brazil and other countries in South 9 

America, appearead in 2016 in Bangladesh, possibly as a result of importing 10 

contaminated grain [7, 8]. The warm, wet climates in the wheat belts of India and 11 

China, which supply ~30% of the worlds wheat [1], favour the further proliferation of 12 

this devastating disease. In temperate regions, Septoria tritici blotch has become a 13 

major foliar disease of wheat, which with the emergence of fungicide resistant strains 14 

[9, 10] and the forthcoming restrictions and bans on the remaining effective chemicals 15 

[11], threatens to cause almost complete collapse of wheat production in some regions 16 

[12]. The breeding of new wheat cultivars with improved genetic resistance to a diverse 17 

array of pathogens is therefore of great importance to ensure future wheat production. 18 

 19 

In plants, heritable genetic variation for disease resistance is often controlled by 20 

dominant resistance (R) genes encoding intracellular immune receptors with 21 

nucleotide-binding and leucine-rich repeat (NLR) domains [13]. NLRs detect the 22 

presence of pathogen effector molecules which are delivered into the plant cell by the 23 

pathogen to promote virulence [14]. NLRs either detect effectors directly or more 24 

frequently, indirectly through the modification of a host target by the pathogen effector. 25 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 5, 2018. ; https://doi.org/10.1101/339424doi: bioRxiv preprint 

https://doi.org/10.1101/339424


 4 

In the latter case, the NLR is often said to be ‘guarding’ the pathogenicity target [15]. 1 

Some NLRs contain an integrated domain, which has been proposed to act as a decoy 2 

to the intended effector pathogenicity target [16-18].  3 

NLRs belong to one of the largest multi-gene families in plants. A plant genome 4 

may contain several hundred NLRs [16]. Many NLRs are under extreme diversifying 5 

selection, to the extent that two accessions from the same species can display 6 

significant NLR copy number and sequence variation, the result of the selection of new 7 

variants based on duplication, deletion, unequal crossing over and mutation [19-22]. 8 

In wheat, 15 R genes for resistance to wheat rusts and powdery mildew have been 9 

cloned that encode NLRs [23-34].  10 

A major impediment to studying NLRs in wheat and the cloning of functional R 11 

genes, has been the lack of a contiguous reference genome sequence. Although the 12 

genome of bread wheat (Triticum aestivum) is one of the most challenging crop 13 

genomes to study due to its large size (15.4-15.8 Gb) [35], repetitiveness (~85%), and 14 

hexaploid nature, recent technological advances [36] as well as a strong interest by 15 

governmental and industrial funding sources have allowed completion of the genome 16 

sequence. Starting in 2012 with a low coverage survey sequence [37], improved 17 

assemblies underpinned by different strategies have been published [38-41]. In the 18 

beginning of 2017, the first version of a wheat genome sequence with chromosome-19 

sized scaffolds (IWGSC RefSeq v1.0), was made publicly available. The major results 20 

of this project are summarized in the study by the International Wheat Genome 21 

Sequencing Consortium [35], and have resulted in a large number of additional studies 22 

including the analysis of the transcriptional landscape of wheat [42]. In addition, high 23 

quality reference genome sequences have been recently published for Aegilops 24 
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tauschii [43, 44], the wild diploid progenitor of the wheat D genome, and wild emmer 1 

(T. diccocoides) [45], the wild AB tetraploid progenitor.  2 

The new high quality wheat and wild wheat reference genomes will undoubtedly 3 

facilitate the study of wheat NLR structure, function and evolution. However, the study 4 

of NLRs, including those in wheat, is complicated by (i) the absence of a tool for 5 

accurate and high-throughput annotation, and (ii) the extremely low basal level of 6 

expression for many NLR genes. To overcome these two additional challenges, we 7 

firstly developed NLR-Annotator, a tool for de novo genome annotation of loci 8 

associated with NLRs. Secondly, we performed NLR exome capture and sequencing 9 

on cDNA [46] isolated from different tissues and developmental stages to obtain the 10 

expression profile and intron/exon structure of wheat NLRs. By applying NLR-11 

Annotator and our expression data to the genome of the wheat reference cultivar 12 

Chinese Spring, we found 3,400 loci that may be functional NLR genes or pseudo 13 

genes. In a series of studies we further demonstrate the application of our tool and 14 

expression data, to show that wheat NLRs predominantly occur towards the telomeres 15 

and in close proximity to each other, display pronounced copy number and sequence 16 

variation between the A, B and D sub-genomes (yet maintain conservation of intron-17 

exon structure), display clade-specific integration of novel domains, and that NLR 18 

expression is tissue specific and modulated by development and biotic stress. 19 

 20 

Results  21 

Motif-based annotation of NLR loci in whole genome assemblies 22 

We set out to develop a method for annotation of NLRs independent from gene calling. 23 

The recently published pipeline NLR-Parser [47] uses combinations of short motifs of 24 

15 to 50 amino acids to classify a sequence as NLR-related. These motifs had been 25 
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defined based on manual curation of a training set of known NLR sequences by Jupe 1 

et al. [48] and mainly resemble the sub-structures of NLR protein domains also 2 

described in other studies (Figure S1; Jupe et al [48]). Since these motifs may occur 3 

randomly in a genome, the NLR-Parser searches for combinations of tuples or triplets 4 

of motifs that often occur in the same order. The drawback of NLR-Parser, however, 5 

is that it can only classify a sequence, not distinguish the border between two NLRs 6 

within the same sequence. In the extreme case of a whole chromosome with multiple 7 

NLRs, this would be classified as a single complete NLR. 8 

Here, we present NLR-Annotator as an extension of NLR-Parser and a tool to 9 

annotate NLR loci in genomic sequence data. In this study, we define the term ‘NLR 10 

locus’ as a section of genomic sequence associated with a single NLR, i.e. one NB-11 

ARC domain potentially followed by one or more LRRs. Our pipeline disects genomic 12 

sequences into overlapping fragments, and then uses NLR-Parser to pre-select those 13 

fragments potentially harbouring NLR loci. In this step, the nucleotide sequence of 14 

each fragment is translated in all six frames to search for motifs. Subsequently, the 15 

positions of each motif are transferred to nucleotide positions. The NLR-Annotator 16 

then integrates data from all fragments, evaluates motif positions and combinations 17 

and suggests a list of loci likely to be associated with NLRs. For an overview, see 18 

Figure S2. The general concept is to search for a triplet of consecutive motifs that are 19 

associated with the NB-ARC domain (Figure S1). This is used as a seed, which is then 20 

elongated into the pre-NB region and the LRRs by searching for additional motifs 21 

associated with those regions.  22 

 23 

We tested the NLR-Annotator on the Arabidopsis thaliana genome sequence using 24 

previously annotated NLR genes as a gold standard. In the Col-0 reference genome 25 
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TAIR10 (http://www.arabidopsis.org), 115 genes were annotated as NLRs. Using 1 

NLR-Annotator, we found 171 loci in the TAIR10 genome assembly. Of the 115 NLR 2 

annotated genes, only eight were not overlapping with one of our loci. We manually 3 

investigated those eight protein sequences and found that only three had an NB-ARC 4 

and LRR domain. Two were ADR1 and an ADR1-like (AT1G33560.1 and 5 

AT5G66900.1, respectively) and the third was a TIR-NLR (AT4G19530.1). In those 6 

three cases, for at least one motif within the NB-ARC domain the similarity to the 7 

consensus motif sequence was below the default threshold. The ADR1 genes have 8 

been reported to be missed by NLR-Parser before [47]. The third gene was detected 9 

by NLR-Parser due to its LRR motifs only, whereas motifs in the NB-ARC domain were 10 

below the threshold. For NLR-Annotator, we decided not to report LRRs without good 11 

evidence for an NB-ARC domain due to LRRs being attached to different gene families 12 

other than NLRs. This trade-off results in a slight reduction of sensitivity to avoid false 13 

positives. Of the remaining 56 loci annotated by NLR-Annotator, all but five overlapped 14 

with genes annotated in TAIR but not yet classified as NLRs. Of these five loci, three 15 

were annotated as partial loci with a nonsense mutation within a motif, thus highly 16 

likely pseudogenes. The two remaining loci had a motif composition indicative of a 17 

complete TIR-NLR.  18 

 19 

To further test the functionality of NLR-annotator, we annotated the published 20 

genomes of eight other plant species for NLR loci (Table S1). We found 932 loci in 21 

robusta coffee (Coffea canephora [49], http://coffee-genome.org), 154 loci in maize 22 

(Zea mays [50], http://ensembl.gramene.org), 50 in papaya (Carica papaya [51], 23 

https://phytozome.jgi.doe.gov), 71 in cucumber (Cucumis sativus, 24 

https://phytozome.jgi.doe.gov), 527 in soybean (Glycine max [52], 25 
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https://phytozome.jgi.doe.gov), 694 in potato (Solanum tuberosum [53], 1 

https://solgenomics.net, PGSC_DM_v3), 284 in tomato (Solanum lycopersicum [54], 2 

https://solgenomics.net, SL3.00) and 342 in purple false brome (Brachypodium 3 

distachyon [55], https://phytozome.jgi.doe.gov). In a previously published study of 4 

tomato, 355 NLRs were identified [46]. The lower number of NLRs identified by NLR-5 

Annotator (284) is mostly due to the higher stringency of NLR-Annotator for minimal 6 

number and organisation of motifs and a requirement for the presence of an NB-ARC 7 

domain. 8 

 9 

Using NLR-Annotator, we screened various assemblies of hexaploid bread wheat 10 

(Triticum aestivum) cultivar Chinese Spring. With the annotated loci we distinguished 11 

between partial and complete loci where a complete locus contains the P-loop/motif1 12 

that marks the start of an NB-ARC domain as well as at least one LRR associated 13 

motif (Figure S1). In the assemblies from 2014 [38] and 2015 [39], we found 12,441 14 

and 15,315 loci respectively but only 1,050 and 1,249 were complete. The assemblies 15 

made available in 2017 by Clavijo and colleagues [40], Zimin and colleagues [41] and 16 

the IWGSC [35] have a considerably smaller number of total NLR loci (3,251, 3,568 17 

and 3,400, respectively) but concomitantly larger number of complete NLR loci (2465, 18 

2,731 and 2,580, respectively). Possible reasons for differences in the number of 19 

detected NLR loci include differences in the genome completeness and continuity, and 20 

assembly mistakes such as collapsed regions or falsely duplicated regions. For the 21 

analyses described in this study, we used the IWGSC reference sequence to take 22 

advantage of the pseudo-chromosomes and the gene annotation [35]. 23 

 24 

Physical position of NLR loci 25 
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With the availability of pseudo-chromosomes, which represent 94% of the predicted 1 

wheat genome size, most NLR loci can now be placed in the physical context of their 2 

location on the chromosome. The foremost practical implication of this is to take 3 

advantage of available mapping data and other resources to accelerate the 4 

identification of functional disease resistance genes. Annotated NLR loci were found 5 

to preferentially locate at the telomeres of each chromosome (Figure 1) and cluster 6 

together. More than 400 of the 3,400 observed loci are in a proximity of less than 5 kb 7 

to another locus. Half of all loci are in a distance of less than 50 kb to another locus 8 

(Figure 1). The NLR loci are distributed over all chromosomes and the number of NLR 9 

loci per chromosome ranges between 29 (chromosome 4D) and 280 (chromosome 10 

4A). No clear preference of NLR numbers towards one homeologue within each group 11 

could be observed (Table S2). 12 

To demonstrate the potential practical advantage of our resource, i.e. 13 

annotated NLR loci with a physical position on pseudo-chromosomes, we searched 14 

the literature for leaf rust and stem rust resistance genes that have been genetically 15 

mapped in wheat but not yet cloned. Most genes have been mapped in accessions 16 

other than the reference accession Chinese Spring and most resistance genes may 17 

not have a functional allele in Chinese Spring. Nevertheless, we hypothesized that in 18 

many cases, a non-functional allele or close homologue may be present, the sequence 19 

of which could then be used to speed up the cloning of the functional allele from the 20 

resistant accession. 21 

 To explore the suitability of this approach, we searched the Chinese Spring 22 

genome for homologues of several cloned R genes, namely Sr22, Sr33, Sr35, Sr45, 23 

Sr50, Pm2, Pm3, Pm8, Lr1, Lr10, Lr22a, Yr5, Yr7 and YrSP [23, 26, 27, 29-34, 56, 24 

57]. In eight cases (Sr22, Sr33, Sr45, Pm2, Pm3, Lr1, Yr5, Yr7), the best alignment of 25 
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the protein sequence to Chinese Spring was on the same chromosome where the 1 

gene was cloned from. For Sr35 and YrSp, the second best alignment was on the right 2 

chromosome and the best alignment was on a homelologous chromosome. For Pm8, 3 

which was introgressed from rye, and Lr22a, the second best alignment was on the 4 

right chromosome whereas the best alignment on a scaffold unassigned to a 5 

chromosome yet. Sr50 was cloned from rye as well [33] but characterized to be an 6 

orthologue of Mla, on group 1 chromosomes. As expected, the best three alignments 7 

for Sr50 were therefore with chromosomes 1A, 1D and 1B. For Lr10, we did not find 8 

an alignment on 1A, but on the homeologous chromosomes. However, this was 9 

expected since Chinese Spring was previously characterized to be a deletion 10 

haplotype of Lr10 [58]. Next, we aligned sequences of flanking markers from 39 11 

mapped stem rust (Sr) and leaf rust (Lr) genes to Chinese Spring, defined the physical 12 

interval and counted the number of NLR-associated loci within the interval. The loci 13 

can be used for candidate gene approaches or further delimiting of map intervals in 14 

positional cloning projects. In 32 cases, we could determine a physical interval, either 15 

by using the exact flanking markers or by using chromosome ends or the centromere 16 

as surrogate, to determine a number of candidate NLRs. We found between 0 and 61 17 

NLRs as candidates (average: 10) (Table S3). Interesting examples include Sr6 18 

(physical interval 15.8 Mb, one candidate), Lr13 (physical interval 60 Mb, three 19 

candidates) and Lr49 (physical interval 33 Mb, three candidates). Notably, these are 20 

large intervals with only a few candidate NLR genes, providing the opportunity to 21 

explore candidates before embarking on the more laborious tasks to further delimit or 22 

sequence the interval in the donor accession. 23 

 24 
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Comparison of NLR loci identified by NLR-Annotator with automated gene 1 

annotation in IWGSC RefSeq v1.0 2 

We expected a substantial number of our independently predicted NLR loci to be 3 

overlapping with genes from the automated gene annotation v1.0 of the Chinese 4 

Spring reference sequence (IWGSC RefSeq v1.0). Of the 3,400 loci we predicted by 5 

NLR-Annotator, 2,914 overlap with genes annotated in RefSeq v1.0 (2,329 of which 6 

are high-confidence (HC) genes). 632 NLR loci defined by NLR-Annotator correspond 7 

to more than one gene in RefSeq v1.0. We looked at these 632 loci in more detail. In 8 

75 cases, we found gaps (stretches of Ns) in the assembly potentially interfering with 9 

transcript mapping and thus hampering gene calling and giving rise to two falsely 10 

called genes. In 123 cases, we found one of the gene models resembling a complete 11 

NLR gene, i.e. the P-loop, at least three consecutive NB-ARC motifs and at least one 12 

LRR motif indicating a potential overextension of the NLR locus, usually brought about 13 

by a randomly occuring LRR motif shortly downstream of the gene (Table S4). In 28 14 

of 30 random examples (Table S4) of the remaining 434 cases, we observed a stop-15 

codon in the coding sequence interupting the open reading frame in the transcript. In 16 

the two remaining cases we were unable to re-construct a consistent gene structure 17 

and could not draw conclusions. 18 

 We believe that these cases with stop codons represent alleles of NLR genes 19 

that have recently been pseudogenized but which are still transcribed. An example 20 

supporting this theory is the Pm2 gene conferring resistance to Blumeria graminis, the 21 

causal agent of powdery mildew. The Pm2 gene was cloned from the wheat cultivar 22 

Ulka [27] where it encodes a full length NLR. The allele in Chinese Spring has a stretch 23 

of 12 nucleotides replaced by five other nucleotides, thus causing a frame shift leading 24 

to an early stop codon (Figure S3). 25 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 5, 2018. ; https://doi.org/10.1101/339424doi: bioRxiv preprint 

https://doi.org/10.1101/339424


 12 

 In the subsequent analyses which involve gene models, we proceeded with 1 

those genes that resemble a complete NLR gene including the P-loop [59], at least 2 

three consecutive motifs associated with the NB-ARC domain (motifs 1, 6, 4, 5, 10, 3, 3 

12, 2) and at least one LRR-associated motif (motifs 9, 11 or 19). Our analyses are 4 

thus conducted with a fixed set of 1,540 NLR related genes (Table S5), a number 5 

which is most likely an underestimate of the total NLR gene content. Manual curation 6 

would likely be required to obtain a more precise estimate of the total true NLR 7 

complement.  8 

 9 

Phylogenetic analysis of wheat NLR genes 10 

NLRs constitute a large gene family and only for a very few individual genes has a 11 

function been assigned. A phylogenetic analysis provides a means to order this large 12 

number of genes with respect to their sequence relationship and arrange them into 13 

sub-families. We set out to establish this order and look for common features in various 14 

clades of the NLR gene family, which may hint at common functional attributes. 15 

We extracted the NB-ARC domains from NLR protein sequences and 16 

calculated their phylogenetic relationships. For this analysis, we used the 1,540 genes 17 

rather than loci due to an often-occurring intron within the NB-ARC domain 18 

complicating identifiation of the correct, complete open reading frame and subsequent 19 

translation without the support of transcript data. Figure 2 shows the NLR phylogeny 20 

of Chinese spring with clades highlighted that are discussed in this manuscript. We 21 

also marked the closest orthologues of known resistance genes in the tree. Figure 3 22 

shows the same phylogeny but in addition displays the structure of each gene 23 

highlighting the conserved amino acid motifs of Coiled coil domain, NB-ARC domain 24 
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and LRRs with brown, blue and green colors, respectively. Integrated domains are 1 

marked with different colors (see respective section). 2 

We also tried to circumvent the problem of not being able to accurately 3 

automate the annotation of an NB-ARC domain. To this end we used only the 4 

concatenated amino acid motifs within the NB-ARC domain that were identified by 5 

NLR-Annotator. The resulting tree (Figure 4) is similar to the tree based on whole NB-6 

ARC protein sequences (Figure 2 and 3). For example, clades with specific features 7 

that we identified (see sections below) were mainly preserved in this tree based only 8 

on the concatenated NB-ARC motifs. To highlight the similarity between the two trees, 9 

we colour-coded NLR loci in the concatenated NB-ARC domain tree corresponding to 10 

genes from four distinct clades (denoted B, C’, E and G in Figure 2 for the purpose of 11 

this discussion). Apart from eight outliers from Clade G (containing various integrated 12 

domains), all loci which clustered in the full-length NB-ARC domain tree (Figure 2), 13 

also clustered in the concatenated NB-ARC motif tree (Figure 4). The eight Clade G 14 

outliers all contained integrated NB-ARC domains; here, the integrated NB-ARC 15 

domain was classified as a separate NLR locus by NLR-Annotator. The other NB-ARC 16 

domain of these genes, however, always clustered together with other genes from 17 

Clade G as in the full-length NB-ARC domain tree. This shows that if no gene 18 

annotation is available, data from NLR-Annotator can directly be used for phylogenetic 19 

studies of NLR loci. 20 

NLRs often appear along the chromosome in physically discrete clusters of 21 

sequence-related paralogues. By combining our phylogenetic analysis with the 22 

physical location of NLRs we investigated clustering of NLRs in hexaploid wheat both 23 

in relation to paralogues on the same chromosome as well as across homeologues 24 

on the A, B and D sub-genomes. The most prominent example of an NLR cluster in 25 
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Triticeae is Mla, which has been extensively studied in barley [60-62]. In wheat, the 1 

stem rust resistance genes Sr33, introgressed from Aegilops tauschii and Sr50, 2 

introgressed from Secale cereale, were identified to be homologues of barley Mla [31, 3 

33], highlighting the importance of this gene cluster for wheat also. As an example of 4 

a complex locus with multiple paralogues, we therefore looked at this region in 5 

hexaploid wheat. Phylogenetically, the subclade related to barley Mla contains 14 6 

genes on group 1 chromosomes (Figure S4a) or 22 NLR loci when considering the 7 

phylogenetic tree based on concatenated motifs (Figure S4b). All wheat Mla subclade 8 

family members are restricted to small regions (<1.2 Mb) on the short arms of group 9 

1 chromosomes with the exception of the NLR locus chr1A_nlr_75 on chromosome 10 

1A, which is found at a distance of 10 Mb distal of the region (Figure S4b). Pronounced 11 

copy number variation of Mla homologues, their orientation, and insertion of non-Mla 12 

NLRs into the cluster, was observed between the A, B and D subgenomes (Figure 13 

S4c). In several cases, complete loci as well as evidence of expression was observed 14 

while reading frames were interrupted leading to annotated genes that resemble 15 

partial NLRs (e.g. chr1A_nlr16, chr1A_nlr 75 or chr1B_nlr36). In all examples above, 16 

the genes had been annotated with high confidence. Locus chr1B_nlr_38 was 17 

phylogenetically placed in the clade neighbouring Mla. The corresponding annotated 18 

gene, TraesCS1B01G035200, however, was placed in the Mla clade. This indicates a 19 

slight impreciseness in using a mutltiple alignment based on concatenated motifs only 20 

in contrast to complete protein sequences for the computation of phylogenetic NLR 21 

trees. 22 

 23 

Integrated domains 24 
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Some NLR proteins differ from the canonical NLR structure by having additional 1 

integrated domains. This structure has been demonstrated in other plant species [17, 2 

18] and has also previously been reported in wheat [63]. It has been proposed that 3 

these domains act as a decoy or bait [17, 18], in which the gene from which the 4 

integrated sequence originates encodes for a protein that is a target of a pathogen 5 

effector(s). A detailed study of additional domains integrated into NLRs can potentially 6 

provide information about effector targets in plant pathogen interactions. 7 

We screened the NLR protein sequences for integrated domains. In total, we 8 

found 133 of the 1,540 protein sequences carry integrated domains. The most 9 

prevalent domains were protein kinases (44 cases), DDE_Tnp_4 (26 cases), and 10 

transcription factors (21 cases). Of transcription factors, we found the domains zf-11 

BED, WRKY, AP2, CG-1 and zf-RING. A set of seven genes encode for an NLR with 12 

an integrated protein kinase followed by a Motile Sperm domain. 13 

We then associated integrated domains with the phylogeny of the NB-ARC 14 

domains of all NLRs. The clades with accumulated integrated domains are shown in 15 

Figure 2 and individual domains are displayed within the strucutre of NLRs in Figure 16 

3. In concurrence with previous studies [63, 64], we found that specific clades of the 17 

phylogenetic tree are enriched for integrated domains including zf-BED (Clade B, 18 

Figure 2), DDE_Tnp_4 (Clade C’, Figure 2) and Jacalin (Clade H, Figure 2). A fourth 19 

clade (Clade G, Figure 2) with 69 members is heavily enriched (40 proteins) for various 20 

integrated domains: most integrated domains that are not in the abovementioned 21 

specific clades (i.e. B, C’ and H) accumulate in this clade (G). Examples include 22 

protein kinase-, Kelch-, Grass-, Exo70- and WRKY- domains. The major type of 23 

integrated domain that is not exclusively found in a specific clade are the protein 24 

kinases.  25 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 5, 2018. ; https://doi.org/10.1101/339424doi: bioRxiv preprint 

https://doi.org/10.1101/339424


 16 

 1 

Tandem NLRs 2 

NLRs occuring in tandem can function together. They can be arranged in a head-to-3 

head formation in wich the genes are on opposite strands and the distance between 4 

gene starts is shorter than the distance between gene ends [65]. 5 

We searched for these type of tandem NLR genes in the reference wheat genome. 6 

We found 45 NLR pairs with a position as described above and a maximum distance 7 

of 50 kb (displayed as internal connectors in Figure 3). Twenty-three of those pairs 8 

had one mate located in Clade F. Sixteen of the pairs with one mate located within 9 

that clade have the other mate in Clade G, which accumulates various integrated 10 

domains. (Figure 2).  11 

 12 

Intron-Exon structure 13 

We investigated whether there was any relationship between the phylogeny and the 14 

intron/exon structure of NLR genes. In Super Clade I with 589 members, all but three 15 

genes have an intron in the NB-ARC domain after the RNBS-A (motif 6) (Figure 3). 16 

Members of this clade include the cloned resistance genes Lr10, Sr22, Sr33, Sr35 and 17 

Sr50. The length of the intron varies between 65 and 23,585 bp with an average of 1.7 18 

kb. 19 

Clade E has 65 members and their sequences have a specific variation in the 20 

NB-ARC domain consisting of an NB-ARC truncated after the RNBS-B and inserted 21 

before a complete NB-ARC domain (Figure S6). This organisation could also be 22 

interpreted as a case of an NB-ARC with an integrated domain (see above) consisting 23 

of a partial NB-ARC. All genes in this clade also have introns between (i) the attached 24 

part and the complete domain, and (ii) within the complete domain between RNBS-25 
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C/motif 10 and GLPL/motif 3 (Figure 3). The 69 members of Clade B all have introns 1 

before and after the NB-ARC domain. The 64 members of Clade C all have a large 2 

intron between RNBS-C/motif 10 and GLPL/motif 3, similar to Clade E but without the 3 

characteristic variation in the NB-ARC domain. Finally, the sequences of Clade A (71 4 

members) and Clade D (27 members) have introns between the NB-ARC domain and 5 

the LRRs. In summary, we observe specific intron-exon structures within the different 6 

clades of the phylogeny computed from NB-ARC domains.  7 

 8 

NLR Expression 9 

In a previous study we observed that in wheat the NLRs encoded by the stem rust 10 

resistance genes Sr22 and Sr45 were expressed at low levels (~30/~60 Gb 11 

sequencing resulted in <20x/<15x coverage of Sr22/Sr45 respectively) in leaves of 12 

seedlings [30]. To test whether this observation of low expression could be extended 13 

broadly to NLRs in wheat, we sequenced the transcriptomes of young leaves 14 

generating more than 300 Gb of data in three samples. We also enriched the same 15 

samples for NLR genes (R gene enrichment sequencing; RenSeq [66]) to detect low-16 

abundance NLR transcripts. We considered expression of a transcript detectable if 17 

more reads would map to it than necessary to cover the entire length 5-fold. In the 18 

combined data sets, we found 1,411 transcripts from 1,124 NLR genes being 19 

detectable as transcribed. In the un-enriched transcriptome data, 1104 transcripts 20 

(78.2%) from 921 genes could be detected. Down-calculating those numbers (Figure 21 

5), we estimate that generating 50 Gb of wheat transcriptome data would allow for 22 

50% of NLRs expressed in young leaves to be detected. 23 

 24 

Developmental and stress-induced expression of NLRs 25 
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There are more than a thousand NLRs in a wheat genome, representing 1-2% of the 1 

total gene coding capacity [35]. However, the immunity conferred by NLRs comes at 2 

a metabolic cost and over-activation of immune responses may give rise to stunted 3 

growth [67, 68]. Therefore, we assume that NLR expression would be tightly regulated 4 

during development or under stress. 5 

We investigated how NLRs are expressed in different tissues, development 6 

stages and in response to biotic stress. We used two publicly available data sets 7 

containing transcriptomes for multiple tissues and development stages [40, 68] and 8 

also generated our own data set using RenSeq on cDNA. The latter included cDNA 9 

isolated from roots, seedling leaves, mature leaves, flag leaves, stems, heads and 10 

seed. The enrichment procedure may introduce a bias depending on enrichment 11 

efficiency. Comparison of data from total RNAseq and RenSeq cDNA of young leaves 12 

revealed a (median) 506-fold increase in NLR-associated transcripts in the RenSeq 13 

data (Figure S6). Although there was a good general correlation between the two 14 

datasets (Pearson r-value 0.7, p-value < 1e-16), the bias introduced by enrichment 15 

was significant, indicative of a certain limitation when using the cDNA RenSeq data to 16 

study gene expression. Notwithstanding, hierarchical clustering of the different cDNA 17 

RenSeq tissue samples showed that the biological replicates clustered together, while 18 

the different tissue samples and developmental stages were clearly separated (Fig. 19 

S7 a). Using the two public RNAseq datasets, which we mined for NLRs, we observed 20 

a similar trend in the separation of different tisssue samples (Figure S7 b and c ). This 21 

indicates that the bias introduced by cDNA RenSeq is sufficiently consistent in all 22 

experiments to allow us to proceed to compare NLR expression across tissues and 23 

developmental stages. The clearest distinction was observed between the root and 24 

other samples, while the samples from the 3rd and 7th leaf stage clustered close 25 
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together or overlapped. On the other hand, the flag leaf samples were clearly distinct 1 

from the 3rd and 7th leaf stage samples, which, surprisingly clustered more closely with 2 

the stem and head samples. 3 

 We also checked whether NLR expression changes after biotic stress. 4 

Plants also respond to conserved pathogen or microbe associated patterns (PAMPs 5 

or MAMPs) such as chitin, a constituent of fungal cell walls, or flagellin from the 6 

bacterial flagellum. Molecular events that occur during PAMP-triggered immunity (PTI) 7 

are highly conserved between dicots and monocots and include rapid production of 8 

reactive oxygen species (ROS), MAP kinase induction and defence gene induction 9 

[69]. We hypothesised, that as a first layer of defence, the PAMP triggered immune 10 

response might also include increased expression of NLRs to help prime the plant 11 

defence system for effector triggered immunity. To test this hypothesis, we infiltrated 12 

young wheat plants (at the three leaf stage) with two PAMPs, namely chitin [70] and 13 

flg22, a 22 amino acid peptide from flagellin [71], and then sequenced the 14 

transcriptomes of water treated and PAMP-challenged plants at 30 minutes and 3 15 

hours after challenge. Three (non-NLR) genes that had previously been reported to 16 

be PAMP responsive showed differential expression [72] indicating a successful 17 

PAMP challenge (Fig. S8). 18 

We found that 54 NLR genes for flg22 and 79 NLR genes for chitin were 19 

strongly up-regulated 30 minutes after challenge whereas expression levels at 3 hours 20 

post challenge were not different from the water treated samples (Figure S9). The 21 

upregulated NLR genes were not associated with specific phylogenetic clades.  22 

 23 

Discussion 24 
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In this study we present the tool NLR-Annotator for de novo annotation of NLR loci. 1 

Our tool distinguishes itself from standard gene annotation in that it does not require 2 

transcript support to identify NLR-associated loci. NLR-Annotator is therefore a 3 

powerful tool for the identification of potential R genes that could be used in breeding 4 

for resistance to wheat pathogenes. Very often, however, the funcional copy of an R 5 

gene is not present in the accession that was chosen for a reference genome. The 6 

positive selection imposed on NLRs often results in extensive accessional sequence 7 

and copy number variation at NLR loci [19-22]. Thus, the corresponding NLR 8 

homologue in the wheat reference accession, Chinese Spring, would not be 9 

considered by a standard gene annotation. NLR-Annotator, on the other hand, is not 10 

limited to functional genes. In our analysis of Chinese Spring, we found 3,400 loci 11 

while only 1,540 complete NLRs could be confirmed through gene annotation in 12 

IWGSC RefSeq v1.0. Within the additional 2,360 loci identified by NLR-Annotator 13 

there might be some NLRs with potential for function. However, we speculate that 14 

most of these are non-functional pseudogenes. Nevertheless, it is important to define 15 

these loci in the reference accession Chinese Spring, because these genes may have 16 

functional orthologues in other accessions. A case in hand concerns Pm2 (from the 17 

cultivar Ulka), which in Chinese Spring has an out-of-frame indel leading to an early 18 

stop codon. The corresponding locus in Chinese Spring is still transcribed at a 19 

detectable level. The frameshift interrupting the open reading frame led to two 20 

remaining still large enough open reading frames, which then have been annotated as 21 

separate genes.  22 

In some cases (e.g. transcript studies or inspection of integrated domains), an 23 

analysis of NLRs requires functional genes. Previous work on describing NLRs in 24 

earlier versions of the Chinese Spring genome, have searched within the genome-25 
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wide gene annotation for NLRs. This led to fewer NLRs being identified, for example 1 

16 full-length NLRs in the 2014 Chinese Spring Survey sequence [38, 40] and 1,174 2 

full-length NLRs in the 2017 Chinese Spring W2RAP assembly [40]. For our present 3 

study, we also improved the general annotation by supplying it with cDNA data 4 

enriched for NLR transcripts through NLR enrichment sequencing, and secondly, we 5 

developed NLR annotator to identify NLRs independently of gene annotation.  6 

 To improve the annotation further would require manual annotation locus-by-7 

locus, in each case, taking into account existing gene annotations, mapped transcript 8 

data from different sources, and our NLR-Annotator loci. All these data would have to 9 

be integrated and inspected to provide bona fide gene models. Given the diversity of 10 

NLR complements in different wheat accessions [26] the amount of work required for 11 

this effort is considerable. For practical applications such as R gene cloning, our 12 

automated NLR locus discovery will in most cases likely be sufficient to identify a 13 

candidate gene, which can be annotated ad hoc in the relevant accessions. For 14 

studies requiring annotated genes we have to settle for a subset of the actual NLR 15 

complement. 16 

 We set out to investigate the sequence diversity relationships within the NLR 17 

gene family in Chinese Spring. It has been well documented that in NLRs the NB-ARC 18 

domain is far more conserved than the LRRs. Therefore, phylogenetic studies 19 

compare the NB-ARC domains to explore and depict the sequence relationship 20 

between NLRs [46, 48, 63]. Extracting NLR domains from NLR loci defined by NLR-21 

Annotator is complicated by the presence of introns within domains the boundaries of 22 

which can only be defined properly using transcript data. In addition, we were 23 

interested in cataloging the occurance and distribution of integrated domains in the 24 
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NLRs. This can only done on annotated genes. Therefore, in our subsequent analysis, 1 

we used the 1,540 annotated NLRs to compute a phylogenetic tree.  2 

With the reference sequence, we studied the phylogeny, integrated domains, 3 

and helper NLRs. This has been recently described in detail by Bailey and colleagues 4 

[63] based on analysis of the W2RAP assembly of wheat. In brief, we found that the 5 

new assembly supports the observations made in the study by Bailey and colleagues. 6 

One additional feature that we discovered is a clade of NLRs which contain elongated 7 

NB-ARC domains (Clade E, Figure 2). The elongated part of the NB-ARC domain 8 

precedes the canonical NB-ARC domain and consists predominantly of motifs 6, 4 9 

and 5, often preceded by motif 1 (See Figures S1 and S5). We do not know the 10 

function of this elongated NB-ARC domain. However, a member of this clade is RGA2 11 

which has previously been described to be essencial for Lr10 function [56].  12 

 To expand the previous phylogenetic analysis to include the entire set of all 13 

3,400 NLR loci, we developed a new feature in NLR-Annotator. By reducing the NB-14 

ARC domains to only be represented by the even more conserved motifs 15 

(Supplementary Figure 1), we cannot only ensure to exclude introns from the 16 

phylogenetic analyses, but we can also exploit the a priori knowledge of the position 17 

of the motifs within the NB-ARC domain to avoid an external multiple alignment. This 18 

then permits printing out the alignment from NLR-Annotator to be used directly as an 19 

input to compute a phylogenetic tree. The resulting phylogeny (Figure 4) was validated 20 

by visualising leaves that correspond to genes from specific clades in the phylogeny 21 

derived from gene models (Figure 2). The phylogenetic relationship of genes was 22 

maintained for corresponding loci in the tree generated from NLR-Annotator. One 23 

example, however was found in the Mla region, where a locus was associated with a 24 

neighboring sub-clade rather than the other loci of the Mla region.  25 
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Finally, with the IWGSC RefSeq v1.0 gene annotation v1.0, we performed NLR 1 

expression profiling. We found that many NLRs are expressed at low levels, requiring 2 

either extremely deep sequencing or target enrichment to be detected. In addition, the 3 

expression of many NLRs was tissue specific. In particular, roots had a very different 4 

profile from the aerial tissues (e.g. leaves, stem and head). We speculate this 5 

difference may reflect the specifity of certain NLRs towards tissue specific diseases. 6 

For example, an NLR guarding a celluar hub specifically expressed in roots, does not 7 

need to be expressed in leaves. We also looked at NLR induction in response to 8 

PAMPs and found that a subset of NLRs are triggered following PAMP exposure. The 9 

transcriptional response was measurable within 30 minutes and had returned to base 10 

level after 3 hours. This response shows the tight regulation of the NLR immune 11 

system and may reflect the fine tuning between the cost of defence and resource 12 

allocation for growth and reproduction. 13 

 14 

Conclusions 15 

In this study, we demonstrate the power of the new reference sequence of wheat 16 

cultivar Chinese Spring in allowing a comprehensive cataloging and positioning of a 17 

complex multigene family – the NLRs. The analysis of NLRs was further faciliated by 18 

the development of NLR-Annotator, a tool which allows the automated annotation of 19 

NLRs across a whole genome. We predict this will facilitate the cloning of functional R 20 

genes from non-reference accessions of wheat, by positioning NLR loci within mapped 21 

intervals, as demonstrated for leaf and stem rust, two major diseases of wheat.  22 

 23 

Methods 24 

NLR Annotator 25 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 5, 2018. ; https://doi.org/10.1101/339424doi: bioRxiv preprint 

https://doi.org/10.1101/339424


 24 

The NLR Annotator pipeline is divided into three steps: (1) dissection of genomic input 1 

sequence into overlapping fragments; (2) NLR-Parser, which creates an xml-based 2 

interface file; (3) NLR-Annotator, which uses the xml file as input, annotates NLR loci 3 

and generates output files based on coordinates and orientation of the initial input 4 

genomic sequence. All three programs are implemented in Java 1.5. Source code, 5 

executable jar files and further documentation has been published on GitHub 6 

(https://github.com/steuernb/NLR-Annotator). The version of NLR-Parser used here 7 

has been published previously along with the MutRenSeq [30] pipeline and uses the 8 

MEME suite [73]. All genomes annotated in this publication were dissected into 9 

fragments of 20 kb length overlapping by 5 kb. Manual investigation of questionable 10 

A. thaliana protein sequences was performed using SMART [74]. 11 

 12 

R gene intervals 13 

Coding sequences of cloned R genes were aligned to pseudo chromosomes of 14 

Chinese Spring using BLASTn [75] and default parameters. To align marker 15 

sequences extracted from the literature to the pseudo chromosomes we used BLASTn 16 

and the parameter –task blastn to amend for short input sequences. In uncertain 17 

cases, matching positions were validated using DOTTER [76]. 18 

 19 

Selection of NLR genes from gene annotation 20 

To identify NLRs in the RefSeq v1.0 gene annotation, NLR-Parser was run on CDS of 21 

gene models. Tab-separated output from NLR-Parser was generated using output 22 

option –o. The last column in that table is a list of identified motifs [48]. Genes were 23 

selected by presence of motif 1 (p-loop), presence of either motif 9, 11 or 19 (LRR 24 

motifs) and at least one of the following consecutive motif combinations: 1, 6, 4; 6, 4, 25 
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5; 4, 5, 10; 5, 10, 3; 10, 3, 12; or 3, 12, 2. Motifs detected in reverse frames of 1 

sequences were discarded (One case; TraesCS3D01G521000LC). Examples from 2 

cases with discrepancies between NLR-Annotator and gene annotation were manually 3 

inspected using Web Apollo [77]. 4 

 5 

Phylogenetic analysis 6 

Protein sequences from NLR genes were screened for motifs associated with NB-7 

ARC domains using MAST [73]. Intervals within each sequence were defined based 8 

on presence of motifs 1, 6, 4, 5, 10, 3, 12, 2. An interval has to start with motif 1, other 9 

motifs may be absent but if present, the order is not allowed to be changed. For each 10 

protein sequence the largest interval including 20 flanking amino acids was used as 11 

NB-ARC domain. A multiple alignment of NB-ARC domain sequences was generated 12 

using clustalw2 [78]. A phylogenetic tree was generated using FastTree [79]. The tree 13 

was visualized using iTOL [80]. 14 

 15 

Integrated domains analysis 16 

Protein sequences of NLRs were screened for domains using HMMER v. 3.1b1 [81] 17 

and PFAM-A v. 27.0 (http://pfam.xfam.org/). Domains with an e-value less than 1E-5 18 

were regarded and filtered for domains usually overlapping with the NB-ARC domain 19 

(NACHT, AAA) as well as the LRR domain. Java source code was deposited on github 20 

(www.github.com/steuernb/wheat_nlrs) 21 

 22 

Tandem NLR analysis 23 

General feature format (GFF) files of both high- and low-confidence genes from the 24 

IWGSC RefSeq annotation v1.0 were screened for pairs of NLR genes that were on 25 
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reverse complementary strands, in a distance of less than 50 Kb and in a head-to-1 

head relation, i.e. the distance between gene starts is shorter than the distance 2 

between gene end. Java source code was deposited on github 3 

(www.github.com/steuernb/NLR_manuscript) 4 

 5 

Growing Chinese Spring and extracting RNA 6 

Plants of cultivar Chinese Spring (CS42, accession Dv418) were grown in the green 7 

house. The tissues were taken from different parts of the plants at various growth 8 

stages. The total RNA was extracted with RNeasy Plant Mini Kit (QIAGEN Cat. No 9 

74904) following the company’s protocol. The total RNA samples were then digested 10 

with DNAse I (11284932001 Roche) using the company’s protocol. After the DNA 11 

digestion, the total RNA samples were purified with Agencourt AMPure XP beads 12 

(Agencourt part number: A63881) at 0.5x rate. 13 

 14 

Elicitation with PAMPs 15 

The protocol was modified from Schoonbeek et al. [72]. Chinese Spring wheat plants 16 

were grown for 3 weeks in a growth cabinet under a 16:8 hours day:night regime at 17 

23:18 °C. For each biological repetition three strips (2 cm) where cut from leaf 2 and 18 

3, placed in a 2 ml tube with sterile water and vacuum-infiltrated for 3 times for 1 19 

minute. The following day water was removed and replaced by fresh water or PAMPs 20 

dissolved in water at 1 g/l for chitin (Nacosy, YSK, Japan) or 500 nM flg22 21 

(www.peptron.com). Samples were drained and flash frozen in liquid Nitrogen after 30 22 

or 180 min prior to pulverisation with 2 stainless steel balls in a Geno/Grinder (SPEX). 23 

RNA was extracted using the RNAeasy plant kit (www.Qiagen.com), the concentration 24 

determined on a NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific) and 25 
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quality assessed with a RNA 6000 Nano chip on a Bioanalyzer 2100 (Agilent 1 

Technologies). After removal of genomic DNA with TURBO DNA-free™ Kit (Thermo 2 

Fisher Scientific), 1 µg of RNA was converted to cDNA with SuperScript IV (Thermo 3 

Fisher Scientific) and expression of PAMP-inducible genes [72] verified by quantitative 4 

RT-PCR (Figure S8) using 0.4 µl of cDNA per 16 µl reaction with PCR SYBR Green 5 

JumpStart Taq ReadyMix (Sigma) on a LightCycler 480 (Roche Life Science). Gene-6 

expression of 3 biological replicates is expressed as log2 relative to the expression 7 

level at t=0, after infiltration and overnight incubation but before addition of fresh water 8 

or PAMP-solutions. Expression was normalised to EF-1α (Elongation factor 1-alpha, 9 

M90077; with primers ATGATTCCCACCAAGCCCAT and 10 

ACACCAACAGCCACAGTTTGC). Genes tested were syntaxin (homologous to barley 11 

ROR2, tplb0005g03; TCGTGCTCAAGAACACCAAC and 12 

AATCGAGTGGCTCAACGAAC), EFE (Homologous to parsley EFE (Immediate-early 13 

fungal elicitor protein CMPG1 and pub23 (Homologous to barley and arabidopsis E3 14 

ubiquitin-protein ligase PUB23, Traes_3B_0B86BCF93; 15 

CGTTCATCAGAATGCTCAGCTG and TTCTCTTTTGTAGGCACGAACCA). 16 

 17 

Enrichment of cDNA 18 

cDNA for targeted enrichment was prepared with KAPA Stranded mRNA-Seq Kit (F. 19 

Hoffmann-La Roche AG, Basel, Switzerland) following the manufacturer’s protocol 20 

with minor modifications. Briefly, 5 µg of total RNA was used to capture mRNA with 21 

magnetic oligo-dT beads, followed by fragmentation for 6 min at 85 °C to generate 22 

300-400 nt fragment sizes. First and second strands were synthesized according to 23 

the manufacturer’s protocol. No A-tailing step was performed and adapter (100 nM 24 

final concentration) from NEBNext Ultra DNA Library Prep Kit for Illumina (New 25 
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England Biolabs, Inc., Ipswich, MA, USA) was used for ligation. After ligation, 3 µl of 1 

USER enzyme (New England Biolabs) were added to the reaction and incubated at 2 

37 °C for 30 minutes. Post ligation purifications and amplification (8 cycles) were 3 

performed according to the manufacturer’s protocol only substituting KAPA Library 4 

Amplification Primer Mix (10X) with NEBNext Universal PCR Primer for Illumina and 5 

NEBNext Index primers for Illumina (2 µM final concentrations each). Amplified 6 

libraries were purified using Agencourt AMPure XP beads (Beckman Coulter, CA, 7 

USA) with a 1:0.65 ratio of amplified cDNA to beads. Individual libraries were 8 

quantified with Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, 9 

Waltham, MA, USA) and equimolar amount used for targeted enrichment with custom 10 

MYcroarray MYbaits kit (Arbor Biosciences, MI, USA) and the corresponding protocol. 11 

Enriched libraries were sequenced on an Illumina HiSeq 2500. Raw data was 12 

deposited at SRA under study ID PRJEB23081. 13 

 14 

Expression data analysis 15 

The transcript analysis pipeline (calculation of read counts and TPM (transcripts per 16 

million)), is based on Kallisto [82], and is common with the global wheat study by 17 

Ramírez-González et al. [42]. Complete transcript lists were filtered for NLR genes as 18 

defined above. To estimate the detectability of NLR transcripts, we combined Kallisto 19 

read counts from 3-leaf stage replicates. We considered a transcript to be expressed 20 

if either in total RNA or in RenSeq cDNA the combined length of mapped reads 21 

exceeded 5 times the length of the transcript itself. Testing the same criterion using 22 

only read counts based on 305 Gb of total RNA input data, we found 78% of NLRs. 23 

We then gradually reduced Kallisto read counts proportionally to a reduced input data 24 

to estimate the percentage of NLRs detected with less input data. 25 
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Hierarchical clustering of samples was performed using R. A Pearson 1 

correlation was used as distance function. R (https://www.r-project.org/) was used for 2 

calculation and plotting.  3 
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 1 

Figure Legends 2 

Figure 1. Physical position of NLR-associated loci within the wheat genome. Red bars 3 

on chromosomes mark the presence of an NLR-associated locus. Gray regions depict 4 

intervals between flanking markers of fine-mapped rust R genes. 5 

 6 

Figure 2. Phylogenetic tree of NLR genes in wheat. Cloned R genes are positioned 7 

next to their closest homologue in the tree. Specific clades are marked according to 8 

certain characteristics: Clades A, C and D as well as Super Clade I contain common 9 

intron positions. Clades B (zf-BED), C’ (DDE-TNP), G (various) and H (Jacalin) are 10 

enriched for integrated domains. Clade F is enriched for genes hypothesized to be 11 

“helper” NLRs. NB-ARC domains of protein sequences from Clade E are preceded by 12 

another truncated NB-ARC domain. 13 

 14 

Figure 3. Features of NLR genes in wheat. 15 

Connectors (gray/green) between nodes indicates close physical position (<100 kb) 16 

of genes and a head-to-head formation. Green connectors mark those where one 17 

partner is a member of an orange “helper” clade. The position of motifs within the 18 

amino acid sequence are displayed in the outside ring: brown marks CC, blue marks 19 

NB-ARC, and green marks LRR motifs. Integrated domains are colour-coded 20 

according to: protein kinases (red); DDE (purple); zf-BED (amethyst); kelch (pink); 21 

Jacalin (wine). 22 

 23 

Figure 4. Phylogenetic tree of NLR loci based on concatenated motif sequences of the 24 

NB-ARC domain. Colored leaves correspond to loci overlapping with genes in clades 25 

(Figure 2) highlighted for integrated DDE domains (purple), zf-BED domains 26 
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(amethyst), general integrated domains (pink) and elongated NB-ARC domains 1 

(brown). 2 

 3 

Figure 5. Estimated detectability of NLR transcripts in transcriptome studies. The 4 

percentage of expressed NLR transcripts (Y-axis) in leaves from 3-leaf stage are 5 

shown in relation to the amount of sequencing data (X-axis) used as an input. A 6 

transcript is considered detectable if the combined length of mapped reads exceeds 5 7 

times the length of the transcript. The red line indicates the maximum percentage of 8 

NLR transcripts detected with 305 Gb of RNA-Seq data. 9 

 10 

Supplementary Figure Legends 11 

Figure S1. Consensus Structure of a CC-NLR. Numbered rectangles on top depict 12 

conserved amino acid motifs within NLRs published by Jupe and colleagues [48]. 13 

Rectangles below are conserved motifs identified by Meyers and colleagues [59]. 14 

LRR-associated motifs usually occur in varying order and copy number. 15 

 16 

Figure S2. Workflow of the NLR-Annotator pipeline. 17 

 18 

Figure S3. Example of problems with NLR gene annotation in RefSeq v1.0. The blue 19 

histogram on top visualizes transcript support from NLR-enriched cDNA. The blue bar 20 

below is an NLR locus called with NLR-Annotator. Below are gene models from 21 

IWGSC RefSeq v1.0 annotation that overlap with the NLR locus. This region is the 22 

best hit for the Pm2 resistance gene [27]. Twelve bases in the original coding 23 

sequence of Pm2 have been replaced by five bases in Chinese Spring causing a frame 24 

shift and an early stop codon (boxed insert).  25 
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 1 

Figure S4. The Mla region in Chinese Spring. a) shows the IWGSC RefSeq v1.0 genes 2 

that are members of the Mla containing sub-clade in the NLR phylogeny. Sr33, Sr50 3 

and Mla have been added as well. b) shows the corresponding sub-clade of loci 4 

predicted with NLR-Annotator. c) shows the Wheat group 1 chromosome regions 5 

orthogonal to the barley Mla region. Numbers on green bars indicate start and end (in 6 

Mb) on group 1 chromosomes. Arrows above bars indicate loci as found by NLR-7 

Annotator. Arrows below indicate annotated gene models in RefSeq v1.0. Arrows in 8 

blue indicate close homology to Mla. 9 

 10 

Figure S5: Consensus structure of NLRs from Clade E (see Fig. 2). 11 

 12 

Figure S6. Scatter plot of Transcript Per Million (TPM) values of RenSeq cDNA and 13 

total RNA-Seq. Red line indicates lowess-fitted regression. 14 

 15 

Figure S7. Hierarchical clustering of gene expression in different tissues. Clustering is 16 

based on Pearson correllation of TPM values of NLR genes. 17 

 18 

Figure S8. Expression of known PAMP inducible Genes in RNA samples. 19 

Expression was measured using quantitative RT-PCR 20 

 21 

Figure S9. Hierarchical clustering of gene expression in leaves from wheat plants 22 

challenged with flagellin and chitin.  23 

 24 

Supplementary Tables 25 
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Table S1. Number of NLR loci found in exemplary plant genomes. 1 

Table S2. Number of NLR loci per wheat chromosome. 2 

Table S3. Candidate NLR loci in Sr and Lr disease resistance gene map intervals 3 

projected onto Chinese Spring. 4 

Table S4. NLR loci and overlapping genes from RefSeq annotation v1.0. 5 

Table S5. List of genes that were confirmed to be clomplete NLRs. 6 

Table S6. Domains found in NLR genes. 7 

Table S7. TPM values for NLR genes under biotic stress condition. 8 
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