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Abstract 

 
 

 

Key features 
• Phylogenomics analysis of plant NLR immune receptor family. 

• Identification of functionally conserved sequence patterns among plant NLRs.  
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In recent years, the increase in genome sequencing across diverse plant species has provided a significant 

advantage for phylogenomics studies, allowing the analysis of one of the most diverse gene families in plants: 

nucleotide-binding leucine-rich repeat receptors (NLRs). However, due to the sequence diversity of the NLR gene 

family, identifying key molecular features and functionally conserved sequence patterns is challenging through 

multiple sequence alignment. Here, we present a step-by-step protocol for a computational pipeline designed to 

identify evolutionarily conserved motifs in plant NLR proteins. In this protocol, we use a large-scale NLR dataset, 

including 1,862 NLR genes annotated from monocot and dicot species, to predict conserved sequence motifs, such 

as the MADA and EDVID motifs, within the coiled-coil (CC)-NLR subfamily. Our pipeline can be applied to 

identify molecular signatures that have remained conserved in the gene family over evolutionary time across plant 

species. 
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Background 
 

Nucleotide-binding leucine-rich repeat receptors (NLRs) play a pivotal role in plants' innate immune system by 

recognizing pathogen-secreted molecules, ultimately triggering robust defense responses known as the 

hypersensitive response [1]. Plant NLRs are characterized by three principal domains: an N-terminal coiled coil 

(CC) or toll/Interleukin-1 receptor (TIR) domain, a central nucleotide-binding domain with APAF-1, various R 

proteins, and a CED-4 (NB-ARC) domain, and a C-terminal leucine-rich repeat (LRR) domain [2]. Although plant 

NLR proteins share the common domain architecture, plant NLRs often undergo rapid evolution and remarkable 

sequence diversification, reflecting a continuous arms race between plants and pathogens [3–5]. This sequence 

diversity in the NLR immune receptor family enables plants to recognize a wide range of pathogen-derived 

molecules, which are typically fast-evolving, to modulate the multi-layered plant immune system for successful 

pathogen infection. Therefore, understanding the evolutionary dynamics of the NLR gene family across diverse 

plant species provides valuable insights into the molecular mechanisms underlying the plant immune system and 

also for the breeding program of disease-resistant crops. 

Previous studies have elucidated the molecular function of NLR proteins by site-directed mutations targeting 

conserved regions and motifs. For instance, mutations in the P-loop and MHD motifs within the central NB-ARC 

domain can render plant NLRs nonfunctional and autoactive, respectively [6,7]. Therefore, identifying 

evolutionally conserved motifs is a key strategy to pinpoint and understand yet unknown plant NLR functions. For 

smaller sets of sequences, multiple sequence alignment is an effective tool to uncover specific conserved regions 

and amino acid residues [8]. However, the multiple sequence alignment method encounters technical challenges 

with larger datasets, where identifying conserved regions becomes complicated due to the presence of gaps and 

deletions, especially in the diverse gene family of plant NLRs. To address this, we have developed a 

computational pipeline tailored for identifying conserved sequence patterns in the plant NLR family [9]. This 

approach integrates NLR gene annotation, phylogenetic analysis, clustering protein families, and prediction of 

conserved sequence motifs. Here, using a test NLR dataset from six representative plant species (previously 

analyzed in Adachi et al. [9]), we provide a step-by-step procedure to identify functionally conserved motifs in 

CC-type NLR (CC-NLR) subfamily (Figure 1). Given the development of genome sequencing technologies and 

rising access to genome databases of diverse plant species, our pipeline has the potential to be applied for further 

phylogenomics studies of plant NLR and other gene families. 

 

 
 

Figure 1. Workflow to identify conserved sequence patterns in nucleotide-binding leucine-rich repeat 

receptors (NLR) family proteins by phylogenomics 
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Equipment 
 

1. 64-bit Linux operating system; alternatively, Mac OS X operating system 

 

 

Software and datasets 
 

1. Protein or nucleotide sequences from reference genome databases 

2. InterProScan 5.53-87.0 [10] 

3. NLRtracker v1.0.3 [2] 

4. NLR-Annotator v2.1 [11] 

5. MAFFT v7 [12] 

6. RAxML v8.2.12 [13] 

7. iTOL (Interactive Tree Of Life) [14] 

8. BLAST+ v2.12.0 [15] 

9. MCL v14-137 [16] 

10. MEME Suite v5.5.5 [17]; same analysis can be performed through MEME website (https://meme-

suite.org/meme/tools/meme) 

11. HMMER v3.4 [18] 

12. Test data are included as supplemental datasets in this manuscript and have been deposited in GitHub: 

https://github.com/slt666666/MADA_motif_protocol. Supplemental Python scripts can be used through 

Google Collaboratory: 

https://colab.research.google.com/github/slt666666/MADA_motif_protocol/blob/master/Supplemental_script

s.ipynb (Access date, 22/01/24). The instructions for using Supplemental Scripts are provided in 

Supplemental video file (Video S1). 

 

 

Procedure 

 

A. Software installation 

 

1. InterProScan 5.53-87.0 

InterProScan is a software that characterizes protein function. This program can be downloaded and 

installed by following the instructions provided at https://www.ebi.ac.uk/interpro/download/. It is 

compatible with 64-bit Linux operating systems. In this protocol, the InterProScan is utilized in the 

NLRtracker pipeline. 

2. NLRtracker v1.0.3  

NLRtracker is an NLR annotation tool that utilizes a protein sequence file as the input dataset. This 

program can be downloaded and installed by following the instructions provided at 

https://github.com/slt666666/NLRtracker. NLRtracker is more sensitive and accurate than other 

available tools for extracting NLRs from a given plant proteome [2]. Alternatively, NLR-Annotator v2.1 

can be downloaded and installed by following the instructions available at 

https://github.com/steuernb/NLR-Annotator. NLR-Annotator is an NLR annotation tool designed to 

work with nucleotide sequence files as input datasets. This program is suitable for users who do not have 

access to a Linux system. 

3. MAFFT v7 

MAFFT is a program for multiple sequence alignment. This program can be downloaded and installed by 

following the instructions provided at https://mafft.cbrc.jp/alignment/software/. 

4. RAxML v8.2.12 

RAxML is a program for maximum likelihood-based inference of large phylogenetic trees. To download 

https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://github.com/slt666666/MADA_motif_protocol
https://colab.research.google.com/github/slt666666/MADA_motif_protocol/blob/master/Supplemental_scripts.ipynb
https://colab.research.google.com/github/slt666666/MADA_motif_protocol/blob/master/Supplemental_scripts.ipynb
https://www.ebi.ac.uk/interpro/download/
https://github.com/slt666666/NLRtracker
https://github.com/steuernb/NLR-Annotator
https://mafft.cbrc.jp/alignment/software/
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and install this program, please refer to PART Ⅳ and Ⅴ in the manual available at https://cme.h-

its.org/exelixis/resource/download/NewManual.pdf. Alternatively, RAxML-NG v1.2.1 can be 

downloaded and installed on Unix/Linux and macOS systems by following the instructions provided at 

https://github.com/amkozlov/raxml-ng?tab=readme-ov-file. 

5. BLAST+ v2.12.0 

BLAST+ is a command-line tool to run BLAST in your own local environment. This program can be 

downloaded and installed by following the instructions provided at 

https://www.ncbi.nlm.nih.gov/books/NBK569861/. 

6. MCL v14-137 

MCL software is a program for clustering weighted or simple networks. To install blast packages in the 

MCL software, “--enable-blast” option is required. The installation commands are as follows: 

 

wget http://www.micans.org/mcl/src/mcl-14-137.tar.gz 

tar -zxvf mcl-14-137.tar.gz 

cd mcl-14-137 

./configure --enable-blast 

Make 

make install 

 

7. MEME Suite v5.5.5 

MEME Suite is a motif-based sequence analysis tool. This tool can be downloaded and installed by 

following the instructions provided at https://meme-suite.org/meme/doc/install.html. Alternatively, the 

same analysis can be performed through the MEME website at https://meme-suite.org/meme/tools/meme. 

8. HMMER v3.4 

HMMER is utilized for searching sequence homologs from sequence databases and for making sequence 

alignments. This program can be installed by following the instructions provided at 

https://github.com/EddyRivasLab/hmmer. 

 

B. Annotate NLR gene family from proteome datasets 

 

1. Download protein sequence files from reference genome databases. 

As a test dataset, we used proteomes from six representative plant species: Arabidopsis thaliana, Beta 

vulgaris (sugar beet), Solanum lycopersicum (tomato), Nicotiana benthamiana, Oryza sativa (rice), and 

Hordeum vulgare (barley). The protein sequences were downloaded from the reference genome 

databases of Arabidopsis (https://www.araport.org/, Araport11), sugar beet 

(http://bvseq.molgen.mpg.de/index.shtml, RefBeet-1.2), tomato (https://solgenomics.net/, tomato ITAG 

release 2.4), N. benthamiana (https://solgenomics.net/, N. benthamiana genome v0.4.4), rice 

(http://rice.plantbiology.msu.edu/, rice gene models in Release 7) and barley 

(https://www.barleygenome.org.uk/, IBSC_v2) as used in Adachi et al. [9]. The protein sequences were 

compiled into a single fasta file named “NLRtracker_input_protein.fasta” (Dataset S1). 

2. Annotate NLRs from protein sequences. 

NLRs were annotated from the input protein sequence file “NLRtracker_input_protein.fasta” by 

running NLRtracker using the following command: 

 

./NLRtracker -s NLRtracker_input_protein.fasta -o NLRtracker_output 

 

The output NLR protein sequences were saved as “NLR.fasta” in the “NLRtracker_output” folder. In 

total, we identified 1,862 NLRs from six representative plant species. 

 

Note: In a previous study, we used a tool, NLR-Annotator, to annotate NLR genes [11]. However, since 

NLR-Annotator may not detect a few functionally validated NLRs (e.g., ADR1), we employed NLRtracker 

https://cme.h-its.org/exelixis/resource/download/NewManual.pdf
https://cme.h-its.org/exelixis/resource/download/NewManual.pdf
https://github.com/amkozlov/raxml-ng?tab=readme-ov-file
https://www.ncbi.nlm.nih.gov/books/NBK569861/
https://meme-suite.org/meme/doc/install.html
https://meme-suite.org/meme/tools/meme
https://github.com/EddyRivasLab/hmmer
https://www.araport.org/
http://bvseq.molgen.mpg.de/index.shtml
https://solgenomics.net/
https://solgenomics.net/
http://rice.plantbiology.msu.edu/
https://www.barleygenome.org.uk/
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[2] in this protocol. Therefore, test datasets in the following analyses slightly differ from the data 

reported in Adachi et al. [9]. 

 

3. Extract specific NLR subfamily sequences based on phylogenetic analysis. 

In a previous study [9], we characterized a conserved sequence pattern (MADA motif) crucial for CC-

NLRs to trigger immune responses. To identify conserved sequence patterns in each NLR subfamily, we 

initially classified NLRs through phylogenetic analysis. Here, the NLR sequences obtained in step B2 

were combined with 31 functionally characterized CC-NLRs and saved as “NLR_set.fasta” (Dataset S2). 

Protein sequences in the input file “NLR_set.fasta” were aligned using MAFFT:  

 

mafft NLR_set.fasta > NLR_set_alignment_output.fasta 

 

For the phylogenetic analysis of the NLR family, NB-ARC domain sequences were extracted from the 

output alignment file “NLR_set_alignment_output.fasta” based on the NB-ARC domain sequence of 

Arabidopsis ZAR1 (Dataset S3). Extraction of NB-ARC domain sequences can be performed manually 

using alignment software or using our script (Supplemental script 1). In this script, protein sequences 

lacking the intact p-loop motif (G/AxxxxGKT/S) required for NLR protein function are automatically 

discarded from the dataset. Sequence gaps in the aligned NB-ARC domain sequences are also 

automatically deleted in this script. The sequences were saved as 

“NLR_set_alignment_NBARC_RemGap.fasta” (Dataset S4), which can be used as the input file for 

further phylogenetic analysis. 

 

Note: We use conserved NB-ARC domain sequences for phylogenetic analyses of the NLR gene family 

because other domains, such as N-terminal domains and C-terminal LRR domain, are often too 

diversified and not suitable for inferring phylogenetic relations in NLRs. 

 

The maximum likelihood phylogenetic tree was inferred by RAxML using the following command: 

 

raxmlHPC-PTHREADS-AVX2 -s NLR_set_alignment_NBARC_RemGap.fasta -n 

NLR_MLtree -m PROTGAMMAAUTO -f a -# 100 -x 1024 -p 121 

 

Note: The ‘-f’ and ‘-#’ options were set for 100 iterations of bootstrap. The ‘-x’ and ‘-p’ options were 

random seeds.  

 

NLRs that belong to the CC-NLR phylogenetic subclade were classified with functionally characterized 

CC-NLRs on the NLR phylogenetic tree output file “RAxML_bipartitions.NLR_MLtree” (Figure 2; 

Dataset S5). We extracted 1,305 protein IDs (Dataset S6) of the CC-NLR clade in the NLR phylogenetic 

tree using iTOL [14]. For further sequence analysis, we extracted protein sequences of CC-NLRs from 

the input file “NLR_set.fasta” (Dataset S2) and “CCNLR_IDs.txt” (Dataset S6) using Supplemental 

script 2 and saved them as the output file “CCNLR_set.fasta” (Dataset S7). 
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Figure 2. Maximum likelihood phylogenetic tree for the classification of nucleotide-binding 

leucine-rich repeat receptors (NLR) subfamilies. Functionally characterized CC-NLRs are labeled in 

the phylogenetic tree using iTOL (Interactive Tree Of Life) [14]. The orange branches represent coiled-

coil (CC)-NLRs used for further sequence analyses. 

 

C. Classify N-terminal domain sequences of CC-NLRs using Markov cluster (MCL) 

algorithm 

 

1. Extract N-terminal sequences from CC-NLRs. 

Sequences prior to the NB-ARC domain were defined as N-terminal domain sequences. To extract N-

terminal domain sequences, protein sequences in the input file “CCNLR_set.fasta” were aligned using 

MAFFT as described in section B3. N-terminal domain sequences of CC-NLRs were extracted from the 

alignment result, based on the start position of the NB-ARC domain of Arabidopsis ZAR1 (Dataset S3). 

Extraction of the N-terminal domain sequences can be done manually using alignment software or using 

our script (Supplemental script 3). The extracted N-terminal domain sequences were saved as the output 

file “CCNLR_Ndomain_set.fasta” (Dataset S8). 

2. Cluster N-terminal domain sequences into protein families. 

N-terminal domain sequences of CC-NLRs were clustered into protein families based on sequence 

similarity using the MCL algorithm. The method is based on a graph that contains similarity information 

obtained from BLAST searches. The similarity information was obtained using the following commands 

with the input file “CCNLR_Ndomain_set.fasta” (Dataset S8): 

 

makeblastdb -in CCNLR_Ndomain_set.fasta -dbtype prot 

blastp -query CCNLR_Ndomain_set.fasta -db CCNLR_Ndomain_set.fasta -out 

blast_results.txt -evalue 1e-8 

 

Note: The outcome of this BLAST search is dependent on the e-value cutoff set by investigators. We set 

the BLASTP e-value cutoff to <10−8 by checking the sequence similarity of raw BLAST hits. 
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Clustering N-terminal domain sequences from the BLAST output file was performed using the following 

mclblastline command: 

 

mclblastline --mcl-I=1.4 blast_results.txt 

 

Note: The mcl-I option, which affects cluster granularity, was set to 1.4. 

 

Provided N-terminal domain sequences were classified into several tribes in the output file 

“dump.out.blast_results.txt.l14” (Dataset S9). Among the output tribes, we focused on a tribe 

including ZAR1, RPP13, R2, and Rpi-vnt1.3 (tribe 3) for further sequence analyses, as described in 

Adachi et al. [9]. We then extracted IDs of N-terminal domain sequences from CC-NLRs grouped into 

tribe 3 using Supplemental script 4. For the analysis of conserved sequences, we extracted N-terminal 

domain sequences of tribe 3 from the input file “CCNLR_Ndomain_set.fasta” (Dataset S8) using 

Supplemental script 2 and saved as fasta file “Nseq_Tribe3.fasta” (Dataset S10). 

 

D. Identify conserved sequence motifs in the N-terminal domain of NLRs 

 

1. Identify conserved sequence patterns in the N-terminal domain tribes. 

Conserved sequence patterns in tribe 3 were identified using MEME (Multiple EM for Motif Elicitation) 

with the following command with the input file “Nseq_Tribe3.fasta” (Dataset S10): 

 

meme Nseq_Tribe3.fasta -protein -oc. -nostatus -time 14400 -mod zoops -nmotifs 5 -minw 6 -maxw 50 -

objfun classic -minsites 62 -markov_order 0 

 

Note: The ‘-minsites’ cutoff was set to 70% of the number of sequences to identify high occurrent 

sequence motifs. Other options are default settings in the MEME website (https://meme-

suite.org/meme/tools/meme). 

 

From our test data, we identified five conserved sequence patterns in the N-terminal domain of tribe 3 

CC-NLRs (Figure 3). Among the identified motifs in the output “meme.html”, a motif located at the 

very N terminus was defined as the MADA motif based on the deduced 21 amino acid consensus 

sequence “MADAxVSFxVxKLxxLLxxEx” [9], conserved in approximately 78% of tribe 3 CC-NLRs. 

The EDVID motif, which functions in stabilizing the structure of CC-NLR proteins [19], is conserved in 

approximately 85% of tribe 3 CC-NLRs (Figure 3). 

 

 
 

Figure 3. Consensus sequence patterns detected in the N-terminal domain of tribe 3 coiled-coil 

nucleotide-binding leucine-rich repeat receptors (CC-NLRs). Conserved motifs were identified by 

MEME from 88 tribe 3 CC-NLR members. The motif logos describe the N-terminal consensus patterns, 

as reported in Adachi et al. [9]. Figure is modified from Adachi et al. [9]. 

 

 

https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
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E. Search the MADA motif using the hidden Markov model (HMM) 

 

1. Build the HMM of the conserved sequence pattern corresponding to the MADA motif. 

Protein sequences corresponding to the MADA motif were extracted from a MEME output file and 

saved as the input file “MEME_alignment.txt” (Dataset S11). The HMM for the MADA motif was 

built using HMMER with the following command: 

 

hmmbuild MADA.hmm MEME_alignment.txt 

 

2. Perform HMMER search to query NLR proteomes using the MADA motif HMM. 

HMMER detects sequence homologs and calculates HMM scores based on the degree of match. We 

performed a HMMER search to query NLR proteomes (Dataset S2) using the MADA motif HMM with 

the following command: 

 

hmmsearch --max --tblout MADA.hmmsearch.tsv -o MADA.hmmsearch.txt 

MADA.hmm NLR_set.fasta 

 

We set an HMM score cutoff at 10.0, which is most optimal for high-confidence searches of MADA 

containing CC-NLR proteins (MADA-CC-NLRs) [9]. We also defined NLR proteins with HMM scores 

from 0 to 10.0 as MADA-like CC-NLRs. From our test data, we identified 108 MADA-CC-NLRs and 

161 MADA-like CC-NLRs. Based on conserved sequence patterns of NLRs, we can predict 

evolutionally conserved molecular functions of NLRs and can apply this for mutant analyses in 

molecular biology, biochemistry, and cell biology experiments as described in recent studies [1,9,20,21]. 

 

 

Validation of protocol 
 

This protocol or parts of it has been used and validated in the following research article(s): 

• Adachi et al. [9]. An N-terminal motif in NLR immune receptors is functionally conserved across distantly 

related plant species. eLife (Figures 3–6).  

• Chia et al. [22]. The N-terminal domains of NLR immune receptors exhibit structural and functional 

similarities across divergent plant lineages. Plant Cell (Figures 3 and 5). 
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