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Objective: Using disease-resistant genes is the most effective strategy for protecting crops and ensuring
agricultural production, or and protection against infections of different pathogens. Under biotic and abi-
otic stresses, NB-ARC proteins play a critical role in regulating several critical plant metabolic processes
and pathways.
Methods: NB-ARC identification and characterization in soybean are still in their infancy, even though R
genes have been characterized by various major crop plants. NB-ARC encoding (R) genes in the soybean
genome were identified and characterized in silico.
Results: The 103 NB-ARC genes were computationally identified in the soybean genome, randomly dis-
tributed on all soybean chromosomes except 5, 10, and 17. Phylogenetic analysis classified the NB-ARC
proteins into nine primary groups. However, synteny analysis results of NB-ARC genes of soybean found
the best orthologous hit in the A. thaliana representing sequence conservation up to 80%. Soybean NB-ARC
genes displayed a plurality of introns between one to seven among the family members. Although their
genomic regions have different sizes, a relatively conserved genetic structure was observed within phy-
logenetic tree groups. Twenty different domains were kept in a group-specific manner, together with the
presence of the NB-ARC signatory. Moreover, the transcriptome based-data expression analysis suggested
that NB-ARC genes in between non-pathogens and pathogens after the inoculation of Fusarium oxysporum
(biotic stress) in the soybean transcriptome, supporting the conjecture of NB-ARC genes have disease
resistance functions in the soybean genome and revealing the potential involvement of these genes in
the conserved pathways of the biotic-stress-response.
Conclusion: This genome-wide in silico/ computational analysis will be used for accelerating NB-ARC
members used for functional characterization, especially under biotic and abiotic stresses.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The present of wide variety of potential pathogens, such as
fungi, viruses, bacteria, and nematodes, dynamically growing
plants may encounter various biotic infections under natural con-
ditions. Through the coevolution of plants and pathogens, plants
have developed a range of advanced defense mechanisms that
have enabled them to perceive various pathogens and defend
against pathogenic infections (Muthamilarasan and Prasad,
2013). Plants have developed a sensory mechanism for detecting
biotic stress that triggers systematic, localized disease resistance
responses (Marone et al., 2013). When an elicitor, either a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2021.101758&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jksus.2021.101758
http://creativecommons.org/licenses/by/4.0/
mailto:salem@ksu.edu.sa
mailto:hmigdadi@ksu.edu.sa
mailto:salfaifi@ksu.edu.sa
mailto:msohaib@ksu.edu.sa
https://doi.org/10.1016/j.jksus.2021.101758
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


M. Afzal, S.S. Alghamdi, H. Nawaz et al. Journal of King Saud University – Science 34 (2022) 101758
microbe-associated molecular pattern or damage-associated
molecular pattern, is involved, a disease resistance response occurs
(Boller and Felix, 2009). The virulence and virulence genes of
pathogens are well known and are triggered directly or indirectly
by plant disease resistance mechanisms, such as the hypersensitive
response (HR) and gained systemic resistance (Künstler et al.,
2016). Resistance to plant diseases driven by interaction with dis-
ease resistance (R) and avirulence (AVR) gene was first identified
almost half a century ago as the ‘‘gene-for-gene model” (Flor,
1971). Moreover, the application of genome-wide association
study (GWAS) and post-GWAS studies combined with transcrip-
tome data helps to figure out candidate genes potentially regulat-
ing the various traits under certain conditions (Chen et al., 2021).

Most R-gene proteins contain the nuclear binding site (NBS)
domain and the leucine-rich region (LRR), which are activated by
pathogen-gene elicitors and send a systemic message to trigger
plant defense reactions (Gao et al., 2013). R genes can be classified
into at least five classes based on their structures (Li et al., 2016).
The first R-gene family codes, a transmembrane reporter with
extracellular regions and the Cladosporium fulvum (Cf) family,
established the resistance in the tomato leaf (Li et al., 2016). The
third category combines the above qualities of the receptor-like
protein kinase shown by Xa21, which confers resistance to a bacte-
rial blight disease in rice (Kim, 2018). A transmembrane domain
and a cytoplasmic coil-coil (CC) domain (24) are included in the
fourth class, and the fifth R cluster is NBS-LRR, where the bulk of
R genes were present (Jorgensen and Emerson, 2009). An extracel-
lular LRR and transmembrane region (TM), as well as cytoplasmic
ser-thre-kinesin, make up the fifth class of genes. This suggests
that there is an evolutionary relationship between distinct classes
of plant disease resistance genes, based on the structure of Xa21
(Song et al., 1997). Finally, RPW8 helps to provide resistance to Ara-
bidopsis against powdery mildew disorders (Jorgensen and
Emerson, 2009). The NBS-LRR class is considered a cytoplasmic
gene with a distinct N-terminal domain. To date, the application
of disease resistance genes in crop plants is the most significant
strategy to overcome the biotic stress issues against different
pathogens. Up till now, GWAS have been used to identify the dis-
ease resistance genes (Sanseverino et al., 2012) in different crop
plants i.e., Arabidopsis (Yu et al., 2014), potato (Lozano et al.,
2012), wheat (Gu et al., 2015), rice (Singh et al., 2015), barley
(Wang et al., 2013), and Brachypodium distachyon (Tan and Wu,
2012). The R-gene class NBS-LRR comprises three domain-N termi-
nal vectors, a nucleotide-binding site (NBS), and LRR (Chisholm
et al., 2006). NBS protein domains are categories into five different
conserved patterns (Panwar et al., 2011). The first pattern is called
the P-loop, significant for binding protein domain and help for R
gene product activities (Wan et al., 2012). The second conserved
motif is known as Kinase 2. It has four hydrophobic amino acid
residues and aspartic acid with a negative charge. LRR regions
mediate protein–protein interactions, but they can play an essen-
tial role in gene-for-gene identification of pathogen-specific genes
(Wan et al., 2012). The NBS-LRR group can be subdivided into two
distinct groups based on the configuration of the N terminal. One
type contains a coiled-coil (CC) motif for N terminals capable of
participating in protein–protein interactions (Maekawa et al.,
2011). The second form of NBS-LRR lacks the CC, whereas the N-
terminus region has a TIR domain that shares homological features
with a protein like Drosophila Toll Interleukin-1 mammals (TIR) (Pan
et al., 2000). CNL and TNL comprise two families, usually found at
the N-terminus of the R-protein, and differentiate themselves in a
domain structure (Marone et al., 2013). Only TNL genes were pre-
sent in monocots plants, while CNL genes were present in both
dicots and monocots, making them appropriate for studying
growth processes in plant species (Meyers et al., 1999).
2

Even though the research on R proteins imparting resistance to
a variety of illnesses is limited to soybean. However, NB-ARC genes
were found to co-segregate with the Rpg1-b locus, which confers
resistance to biotic stress disease (Ashfield et al., 2003). Further-
more, it was also suggested that Toll/Interleukin-1 Receptor
homology (TIR-NBS-LRR) was found to inhibit nodulation in soy-
bean (Zhu et al., 2010). It could be that R genes control microbe
entry into soybean plants because nodulation is a symbiotic rather
than a pathogen-host interaction. However, the NBS-LRR genes
that were present across the soybean genome may be recognized
as pathogens and confer resistance (Kang et al., 2012).

Few NBS-LRR genes have some homologous with those of A.
thaliana, but most NBS-LRR genes have noticeable variations com-
pared to Arabidopsis NB-ARC (R) genes. For this purpose, in the cur-
rent exploratory research, GWA investigations can be used to
decode biological processes governing characteristics by employ-
ing candidate gene lists gained from GWAS analysis. Hence, the
current study was done with systematic computational analysis
in the soybean by defining a CC-NB-LRR function model wherein
the LRR and CC domains co-regulate the NB domain’s signaling
behavior in a recognition-specific manner. Corresponding NB-ARC
genes confirm the disease resistance against Fusarium oxysporum
in the soybean. In this study, all NB-ARC disease-resistant genes
in the soybean genome were collected, accompanied by homolo-
gous comparisons and phylogenetic analysis using NB-ARC pro-
teins sequence. The classification of NB-ARC soybean types
provides conclusive tools and essential data for continued func-
tional exploration and finally shows their functions in the battle
against biotic stress, i.e., fungus. The aim of this study is to inves-
tigate novel R-genes present throughout the genome of soybean,
makes more convenient to understand the functioning of this
specific domain. This will also help for accelerating NB-ARC mem-
bers used for functional characterization, especially under biotic
and abiotic stresses. To our best knowledge, the data regarding
CC terminal in soybean was not reported before and concerted
the effort to classify NB-ARC genes and their role in suppressing
disease control.
2. Materials and methods

2.1. NB-ARC genes identification

The complete genome assembly of soybean and tabular form of
protein sequences were downloaded from NCBI and verified from
the phytozome (https://phytozome.jgi.doe.gov/pz/portal.html#!
info? alias = Org_Gmax/). A total of 436 disease resistance genes
were chosen from the soybean genome derived from phytozome.
Based on the phytozome database, 103 protein sequences were
got from all NB-ARC genes resistant to the soybean genome
(https://phytozome.jgi.doe.gov/pz/portal.html#! info?
alias = Org_Gmax/) after duplication screening. Arabidopsis genes
have been identified and listed. Sequences of Arabidopsis thialana
NB-ARC genes were used for the comparative phylogenetic study
(http://niblrrs.ucdavis.edu/ index.php) (Meyers et al., 2003). NBS-
LRR disease resistance in a soybean proteome sequence file using
CLC sequence viewer (v7.6.1) was used to find conserved protein
sequences for NB-ARC (Knudsen et al., 2011). The local alignment
search tool (blastP) (https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM = blastp&PAGE_TYPE = BlastSearch&LINK_LOC = blas
thome) at the NCBI web server further verified the putative NB-
ARC protein sequence. The NCBI database was also investigated
and marked NBS-LRR gene information, including accession num-
bers (GI), chromosome numbers, genomic details, and protein size.
All known NB-ARC genomic nucleotide sequences against specific
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protein sequences have also been recovered from NCBI. ExPASy
bioinformatics systems resource platform was used to measure
molecular weight and isoelectric point (IP) (http://web.expasy.
org/compute_pi/) (Gasteiger et al., 2005). The conserved domain
was confirmed from NCBI, and each gene’s architecture is given
in (Supplementary Table 1) presenting the location of the domain
of interest in each gene.
2.2. Analysis of NB-ARC conserved motif structure

The NBS is a region that starts at the P-loop, ends with the
MHDV motif, and contains approximately 260 to 300 amino acids.
The P-Loop upstream segment is the N-terminal motive, and the
LRR domain is the downstream segment of the MHDV. The pro-
gram’s absence or existence of TIR, NBS, and LRR domains was also
verified, but it was inaccessible to examine smaller or fragmented
patterns, such as those in the (NB-ARC) domain (Bailey et al.,
2006). Therefore, to discover conserved motifs in NB-ARC protein
sequences, conserved motif analysis was performed using the
online MEME SUITE tool (http://meme-suite.org/) (Bailey et al.,
2009).
2.3. Phylogenetic analysis of NB_ARC genes

An evolutionary tree of 103 NB-ARC protein sequences was con-
structed using Molecular Evolutionary Genetics Analysis software
(MEGA version 7.0) (Tamura et al., 2013). First, all protein
sequences were subjected to alignment through the MUSCLE algo-
rithm with default parameters such as gap opening penalty �2.9,
gap extension penalty 0, hydrophobicity multiplier 1.2, and
unweighted pair group method with arithmetic mean (UPGMA)
clustering method was used. After that, using aligned data, evolu-
tionary history was inferred using the Maximum Likelihood
method based on the JTT matrix-based model (Jones et al., 1992).
Finally, 1000 bootstrap replications, partial gap deletion, and 95%
site coverage cutoff value were used.
2.4. Chromosomal mapping, intron/exon distribution, and conserved
domain analysis

Phytozome database was used to record the chromosome posi-
tion of NB-ARC genes, while the chromosomal location of all non-
redundant NB-ARC genes was found using Map Chart (v. 2.32), and
the map was constructed according to scale NB-ARC location on
the chromosome (Voorrips, 2004). Gene Structure Display Server
(v2.0http:/gsds.cbi.pku.edu.cn/) was used to constructing the gene
structure that shows the intron–exon distribution of NB-ARC genes
(Hu et al., 2015). Genomic DNA and CDS sequences of all NB-ARC
genes were used to build the genome structure map and the intron
phases (S1-figure; S3-Table hit data). Conserved motif analysis was
performed using the online (http://meme-suite.org/) MEME SUITE
tool to discover conserved motifs in NB-ARC protein sequences
(Bailey et al., 2009). Different parameters were assessed one by
one for motif discovery to display the conserved domains through
identified motifs. However, maximum numbers of motifs; 20, min-
imum motif width; 15, and maximummotif width; 50 were finally
used. All protein sequences of NB-ARC genes were arranged
according to their clustering in the phylogenetic tree. As a result,
all discovered motifs were adjusted in front of their respective
gene name. Whereas conserved domain analysis was performed
by visiting the online NCBI conserved domain database (https://
structure.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) with default
parameters, and final visualization was got using TBtools software.
3

2.5. Synteny analysis of NB-ARC genes family of soybean and
Arabidopsis

Synteny analysis of the NB-ARC genes family of soybean and
Arabidopsis was performed to determine the homologous NB-ARC
genes family. There are 126 protein sequences of soybean, and Ara-
bidopsis specific for NB-ARC domain was determined using synteny
analysis was performed using the Circoletto online tool (http://mk-
web.bcgsc.ca/circos/intro/circular_approach/), which was prac-
ticed using the strict E-value of 1x10-50 and BLOSSUM matrix.

2.6. Insilco expression analysis of NB-ARC of Fusarium oxysporum as
biotic stress

Transcriptome data was taken from the soybean transcriptome
database (https://soybase.org/soyseq/) (Lanubile et al., 2015),
where biotic stress has been given to the roots. The soybean par-
tially resistant genotype was briefly treated with a conidial suspen-
sion of non-pathogenic and pathogenic (F036 and F040) F.
oxysporum isolates. Expression data of NB-ARC genes were
retrieved from transcriptome induced by biotic stress root tissues.
The expression of NB_LRR class NB-ARC genes was investigated
from roots challenged with pathogenic and non-pathogenic iso-
lates of Fusarium oxysporum (Lanubile et al., 2015). F. oxysporum
penetrates the roots and moves through the vascular system
(Ortiz et al., 2014). In these NB-ARC gene expression data were
used to construct heat map expression (http://www.heatmapper.
ca/expression/) profiles (Sturn et al., 2002), their differential root
expression was shown in biotic stress condition to validate the
study.
3. Results

3.1. Identification and distribution of NB-ARC in the soybean genome

We initially detected 250 non-redundant, disease-resistant
NB_ARC genes from the whole soybean genome assembly, which
putatively encoded NB-ARC. We screened the genes for the exis-
tence of the coding proteins of NB-ARC. The main domain was a
basic requirement for including genes in the NB_LRR family in
the full NB-ARC domain. Of the selection, 147 NB_ARC genes were
deleted because of incomplete NB-ARC domains in their protein
series. These pseudogenes may have lost their functional domain
portion during evolution. The other 103 non-redundant NB-ARC
proteins were rebuilt in ascendant order. The complete informa-
tion of NB-ARC proteins sequence with different peptide lengths
ranging from about 220 to 2199 amino acids with an average of
1016 amino acids (Table 1). The chromosome map revealed the
uneven distribution of 103 NB-ARC genes on 17 out of 20 chromo-
somes (Fig. 1). The remaining chromosome numbers (5, 10, 17)
were not mapped because of the scaffold regions. All the chromo-
somes share different positions of NB-ARC genes (Fig. 1). Interest-
ingly, most NB-ARC genes were identified as clusters in the
chromosome to form part of a single QTL within a cluster (Fig. 1).
Fig. 2

3.2. Soybean NB-ARC description, gene structure, and conserved
domains analysis

The soybean NB-ARC gene was classified using an un-rooted
phylogenetic tree in nine major groups (Figure 2). This grouping
followed the same trend as in other crop species (Zhang and
Wang, 2005). The gene structure of all selected NB-ARC genes,
i.e., the intron/exon distribution pattern, was also calculated to
provide further insight into the soybean development NB_LRR fam-
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Table 1
Detailed information for identified NB-ARC genes.

Gene ID New name LOC ID Chromosome Start End Size Protein Accession #

Glyma.01G010500.1 GNBARC1 LOC100305458 1 1018932 1021736 934 NP_001235671.1 NC_016088.3
Glyma.01G010700.1 GNBARC2 LOC100805346 1 1029421 1033293 946 XP_003517650.1 NC_016088.3
Glyma01g01560 GNBARC3 LOC102662991 1 1157242 1160517 1091 XP_006572949.1 NC_016088.3
Glyma.01G013100.1 GNBARC4 LOC102666512 1 1234209 1237457 1082 XP_006573928.1 NC_016088.3
Glyma.01G035400.1 GNBARC5 LOC102660000 1 3693131 3696424 870 XP_006573066.2 NC_016088.3
Glyma.01G065800.1 GNBARC6 LOC100777175 1 3755286 3762981 897 XP_014627470.2 NC_016088.3
Glyma.01G171000.1 GNBARC7 LOC100788025 1 50833471 50836299 910 XP_003517205.1 NC_016088.3
Glyma.02G184300.1 GNBARC8 LOC100780033 2 32159928 32162528 866 XP_014623640.1 NC_016089.3
Glyma.02G026200.1 GNBARC9 LOC100775587 2 2338744 2341398 884 XP_014619948.1 NC_016089.3
Glyma.02G030700.1 GNBARC10 LOC100787353 2 2819837 2823095 859 XP_006574586.1 NC_016089.3
Glyma.03G034500.1 GNBARC11 LOC102668720 3 4054522 4057458 979 XP_014628961.1 NC_016090.3
Glyma.03G034800.1 GNBARC12 LOC106794107 3 4123259 4126987 1242 XP_003521994.1 NC_016090.3
Glyma.03G034900.1 GNBARC13 LOC100777231 3 4199841 4203584 1247 XP_014628962.1 NC_016090.3
Glyma.03G037000.1 GNBARC14 LOC100784015 3 4516156 4519896 1246 XP_003522002.1 NC_016090.3
Glyma.03G037100.1 GNBARC15 RPSHC18-BL1 3 4541962 4545711 1249 XP_006576451.1 NC_016090.3
Glyma.03G037300.1 GNBARC16 RPSHC18-BL2 3 4566919 4570596 1225 XP_006576452.1 NC_016090.3
Glyma.03G038800.1 GNBARC17 LOC100794060 3 4790805 4794512 1235 XP_014628972.1 NC_016090.3
Glyma.03G039300.1 GNBARC18 LOC100775612 3 4890834 4894580 1248 XP_003521990.1 NC_016090.3
Glyma.03G043000.1 GNBARC19 LOC106798139 3 4913423 4916401 992 XP_014629579.1 NC_016090.3
Glyma.03G043200.1 GNBARC20 LOC102659829 3 5457034 5460630 1198 XP_025983528.1 NC_016090.3
Glyma.03G043500.1 GNBARC21 LOC100811433 3 5503262 5521091 1242 XP_025983527.1 NC_016090.3
Glyma.03G043600.1 GNBARC22 LOC113001152 3 5517406 5520102 898 XP_025983530.1 NC_016090.3
Glyma.03G045700.1 GNBARC23 LOC100813244 3 5818186 5821920 1244 XP_003522031.1 NC_016090.3
Glyma.03G046500.1 GNBARC24 LOC100816969 3 5937187 5940662 1131 XP_006577442.3 NC_016090.3
Glyma.03G047000.1 GNBARC25 LOC100818566 3 5976716 5980375 1219 XP_025983532.1 NC_016090.3
Glyma.03G075200.1 GNBARC26 LOC100499652 3 18615820 18619545 1241 NP_001237787.1 NC_016090.3
Glyma.03G137200.1 GNBARC27 LOC100805394 3 35337199 35342255 858 XP_006576824.2 NC_016090.3
Glyma.04G137800.2 GNBARC28 LOC100781872 4 21176563 21179130 855 XP_006578494.1 NC_016091.3
Glyma.06G167200.1 GNBARC29 LOC100812584 6 13958598 13961228 876 XP_003526943.1 NC_038242.1
Glyma.06G311200.1 GNBARC30 LOC100801561 6 49978291 49981122 943 XP_003526348.1 NC_038242.1
Glyma.07G075700.1 GNBARC31 LOC102664581 7 6862792 6865801 220 XP_006583335.1 NC_038243.1
Glyma.08G259000.1 GNBARC32 LOC100801950 8 23381749 23384433 894 XP_006585845.1 NC_038244.1
Glyma.08G305400.1 GNBARC33 LOC100819372 8 42356991 42359831 946 XP_003530717.1 NC_038244.1
Glyma.08G317400.1 GNBARC34 LOC102661118 8 43699213 43701924 903 XP_014634887.1 NC_038244.1
Glyma.08G317700.1 GNBARC35 LOC100798933 8 43718126 43738036 900 XP_014634889.1 NC_038244.1
Glyma.08G319300.1 GNBARC36 LOC100802130 8 43849788 43852499 903 XP_006586093.1 NC_038244.1
Glyma.08G323200.1 GNBARC37 LOC102667193 8 44172401 44175121 906 XP_006586109.1 NC_038244.1
Glyma.08G328800.1 GNBARC38 LOC100782327 8 44662935 44670593 926 XP_003530797.1 NC_038244.1
Glyma.09G020500.1 GNBARC39 LOC102666390 9 1614752 1617772 1006 XP_006586820.1 NC_038245.1
Glyma.09G020700.1 GNBARC40 LOC102666690 9 1632002 1635025 1007 XP_006586822.1 NC_038245.1
Glyma.09G210400.1 GNBARC41 LOC100817624 9 43450724 43454330 948 XP_006587620.1 NC_038245.1
Glyma.09G210600.1 GNBARC42 LOC100805529 9 43458931 43461744 937 XP_003534302.1 NC_038245.1
Glyma.11G058900.2 GNBARC43 LOC100817860 11 4453650 4458075 835 XP_006590663.1 NC_038247.1
Glyma.11G072100.2 GNBARC44 LOC100788797 11 5378566 5381412 912 XP_003537613.1 NC_038247.1
Glyma.12G011700.1 GNBARC45 LOC100814688 12 853407 856196 929 XP_006591996.1 NC_038248.1
Glyma.12G218500.1 GNBARC46 LOC100799733 12 37820168 37823146 992 XP_006592896.1 NC_038248.1
Glyma.12G236500.4 GNBARC47 LOC102660573 12 39528938 39533282 1024 XP_006592961.1 NC_038248.1
Glyma.13G071900.1 GNBARC48 LOC100803330 13 17288420 17292130 1236 XP_003543829.1 NC_038249.1
Glyma.13G187900.1 GNBARC49 LOC100806158 13 29858322 29862900 1185 XP_014621132.1 NC_038249.1
Glyma.13G184800.1 GNBARC50 LOC100806158 13 29858322 29862900 1263 XP_014621131.1 NC_038249.1
Glyma.13G190300.1 GNBARC51 LOC102661203 13 29872256 29877088 1095 XP_014621743.1 NC_038249.1
Glyma.13G188300.1 GNBARC52 LOC100804921 13 30207288 30211729 1181 XP_025980833.1 NC_038249.1
Glyma.13G190400.1 GNBARC53 LOC100818432 13 30402232 30408831 2199 XP_006594359.1 NC_038249.1
Glyma.13G190800.1 GNBARC54 LOC100499655 13 30426359 30430201 1280 NP_001237835.1 NC_038249.1
Glyma.13G192100.2 GNBARC55 LOC100777280 13 30532501 30536199 1232 XP_006594365.1 NC_038249.1
Glyma.13G193100.1 GNBARC56 LOC100778337 13 30643477 30647103 1208 XP_003541580.2 NC_038249.1
Glyma.13G194100.1 GNBARC57 LOC547607 13 30726801 30730421 1206 XP_014621169.1 NC_038249.1
Glyma.13G194500.2 GNBARC58 LOC100781012 13 30763920 30767591 1223 XP_006594377.1 NC_038249.1
Glyma.13G195600.1 GNBARC59 LOC100783712 13 30914885 30918517 1132 XP_006594385.1 NC_038249.1
Glyma.14G199400.1 GNBARC60 LOC100787796 14 46435759 46438392 877 XP_014622020.1 NC_038250.1
Glyma.15G126900.1 GNBARC61 LOC100784635 15 10069700 10072719 1005 XP_006597652.2 NC_038251.1
Glyma.15G127100.1 GNBARC62 LOC102663592 15 10079713 10082742 1009 XP_006598349.1 NC_038251.1
Glyma.15G168500.1 GNBARC63 LOC100305356 15 15007753 15012351 979 NP_001237924.1 NC_038251.1
Glyma.15G186800.1 GNBARC64 LOC106796110 15 19312523 19315555 900 XP_025981675.1 NC_038251.1
Glyma.15G226100.1 GNBARC65 LOC100789590 15 41539364 41543065 1233 XP_014623006.1 NC_038251.1
Glyma.15G230700.1 GNBARC66 LOC100776964 15 43210480 43214280 1266 XP_006598091.1 NC_038251.1
Glyma.15G232800.1 GNBARC67 LOC547639 15 43744171 43747779 1191 XP_025981489.1 NC_038251.1
Glyma.15G233100.1 GNBARC68 LOC100784466 15 43796673 43800785 1370 XP_025981563.1 NC_038251.1
Glyma.15G233400.1 GNBARC69 LOC100792404 15 43919306 43922920 1193 XP_006598101.1 NC_038251.1
Glyma.16G079400.1 GNBARC70 LOC100777510 16 8197004 8200591 1195 XP_006599131.1 NC_038252.1
Glyma.18G078000.4 GNBARC71 LOC100779508 18 7420171 7443944 938 XP_003551452.2 NC_038254.1
Glyma.18G082100.1 GNBARC72 LOC100805006 18 7972983 7975742 919 XP_003551523.1 NC_038254.1
Glyma.18G082300.1 GNBARC73 LOC100809266 18 8018442 8021201 919 XP_003551528.1 NC_038254.1
Glyma.18G082400.1 GNBARC74 LOC100787897 18 8061135 8063909 913 XP_014625972.1 NC_038254.1
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Table 1 (continued)

Gene ID New name LOC ID Chromosome Start End Size Protein Accession #

Glyma.18G083200.1 GNBARC75 LOC100784168 18 8189521 8192283 920 XP_003551547.1 NC_038254.1
Glyma.18G084400.1 GNBARC76 LOC100798997 18 8302552 8305323 923 XP_003551565.1 NC_038254.1
Glyma.18G086600.1 GNBARC77 LOC100799057 18 8527932 8530700 922 XP_014625795.1 NC_038254.1
Glyma.18G087800.1 GNBARC78 LOC100786451 18 8691630 8694350 906 XP_014625802.1 NC_038254.1
Glyma.18G088300.1 GNBARC79 LOC100806153 18 8750100 8752865 921 XP_014625825.1 NC_038254.1
Glyma.18G093400.1 GNBARC80 LOC100782760 18 9424633 9427344 903 XP_003553063.1 NC_038254.1
Glyma.18G093500.1 GNBARC81 LOC100784361 18 9492578 9495304 908 XP_006603185.1 NC_038254.1
Glyma.18G093600.1 GNBARC82 LOC100784890 18 9499458 9502375 912 XP_003553066.1 NC_038254.1
Glyma.18G093800.1 GNBARC83 LOC100785955 18 9535721 9538414 897 XP_003553068.1 NC_038254.1
Glyma.18G093900.1 GNBARC84 LOC102662760 18 9542826 9545235 769 XP_006603186.1 NC_038254.1
Glyma.18G105100.1 GNBARC85 LOC102663437 18 9585492 9587972 918 XP_014625904.1 NC_038254.1
Glyma.18G190900.1 GNBARC86 LOC102667903 18 46052489 46057089 925 XP_014625814.2 NC_038254.1
Glyma.18G269500.1 GNBARC87 LOC100805727 18 55321894 55325641 919 XP_006602948.1 NC_038254.1
Glyma.18G287000.1 GNBARC88 LOC100780593 18 56706975 56709665 896 XP_006603027.1 NC_038254.1
Glyma.18G287100.1 GNBARC89 LOC100499631 18 56710526 56713416 884 XP_006601748.1 NC_038254.1
Glyma.19G085600.1 GNBARC90 LOC100305368 19 30577076 30581436 909 NP_001238129.1 NC_038255.1
Glyma.19G134100.1 GNBARC91 LOC100777049 19 39510186 39512804 872 XP_006604334.1 NC_038255.1
Glyma.19G134200.1 GNBARC92 LOC100499628 19 39523292 39529108 694 NP_001237395.1 NC_038255.1
Glyma.19G135600.1 GNBARC93 LOC100305457 19 39674352 39676943 863 NP_001235657.1 NC_038255.1
Glyma.19G135800.1 GNBARC94 LOC100781317 19 39707093 39709726 877 XP_006604341.1 NC_038255.1
Glyma.19G136900.1 GNBARC95 LOC106797500 19 39833860 39836484 874 XP_014627443.1 NC_038255.1
Glyma.19G137200.1 GNBARC96 LOC100786131 19 39849808 39852429 873 XP_006604349.1 NC_038255.1
Glyma.19G139600.1 GNBARC97 LOC100795479 19 40084248 40086890 880 XP_003553414.2 NC_038255.1
Glyma.19G139700.1 GNBARC98 LOC100796004 19 40105944 40108505 853 XP_006604363.1 NC_038255.1
Glyma.20G042400.1 GNBARC99 LOC100787762 20 7632667 7635447 926 XP_014627876.1 NC_038256.1
Glyma.20G042700.1 GNBARC100 LOC100789363 20 7689993 7692791 932 XP_003556794.1 NC_038256.1
Glyma.20G046200.1 GNBARC101 LOC100801544 20 8605208 8608984 1258 XP_003556802.1 NC_038256.1
Glyma.20G193300.1 GNBARC102 LOC102663592 20 43217821 43222056 1411 XP_006606921.1 NC_038256.1
Glyma.20G195400.1 GNBARC103 LOC102663848 20 43372511 43375327 938 XP_014627824.1 NC_038256.1
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ily. An ordinary location and intron–exon distribution pattern in
the genome area helped determine the gene family’s expansion
pattern and evolutionary relationship with their ancestors. Soy-
bean NB-ARC genes displayed a plurality of introns between one
to seven. The phylogeny of the 103 NB-ARC genes was constructed
using MEGA 7.0 software. The NB-ARC genes deduced full-length
protein sequences were aligned with Clustal Omega, and a phylo-
genetic tree was constructed using an un-rooted maximum-
likelihood process with 1000 bootstraps. The 103 genes were
divided into (IX) groups. The tree was divided based on the specific
groups that contain CC regions such as RX_N RX_CC + LRR (18),
RX_CC_like (22), RX-N PLN 03,210 (1), NB-ARC + LRR (3), RX_N
(8), RX_CC PLN00113 (1), RX_N NB-ARC LRR (1); RX_N NB-ARC
RX_CC (21); RX + RX_CC (2); RX_N NB-ARC RX_CC (5);
RX + RX_CC (18) NB-ARC genes, and they showed diversity among
the same family members (Fig. 3). Although their genomic regions
have different sizes, they showed the relatively conserved genetic
structure within phylogenetic tree groups. The gene structures of
glyma01g065800, glyma03g034800, glyma08g317700, gly-
ma13g190300, glyma13g195600, glyma15g230700, gly-
ma15g232800, and glyma20g195400 had only one intron site in
the genomic region. However, all other chromosomes did not have
any intron site.

Some genes contained untranslated regions on the gene struc-
ture i.e., glyma01g065800, glyma02184300, glyma03g034500,
glyma03g046500, glyma03g075200, glyma06g167200,
glyma13g187900, glyma13g190300, glyma13g193100, glyma13-
g195600, glyma15g186800, glyma16g079400, glyma18g078000,
glyma18g093900, glyma18g105100, glyma18g190900, and gly-
ma19g134200 (Fig. 3, Supplementary Fig. 1). Identifying conserved
domains within a gene family also provides a way of checking and
dissecting gene replication events during evolution. MEME was
subjected to the peptide sequences of all NB-ARCs to classify the
conserved domain (Table 2). For the 103 NB-ARC genes, twenty
conserved domains with residue lengths of 12–42 were identified.
Domains 1 and 2 reflect the NB-ARCs DNA-binding domain, which
5

is completely conserved among the 103 NB-ARC genes (Fig. 3).
Also, the results of conserved domain analysis directly corre-
sponded with phylogenetic grouping and confirmed the conserved
domain analysis results.

Overall, conserved domains and the intron–exon distribution
pattern among soybean NB-ARC genes were group specific and
confirmed NB-ARC domains’ groupings within the phylogenetic
tree.

3.3. Synteny analysis of NB-ARC genes family of soybean with
Arabidopsis thaliana

Synteny provides a framework in which conservation of homol-
ogous genes and gene order is identified between genomes of dif-
ferent crop species. This work revealed that several soybean NB-
ARC genes are syntenic to those of A. thaliana, demonstrating an
evolutionary relationship between both species. Twenty-four syn-
tenic regions were identified in the genome of A. thaliana (Fig. 4)
using a strict E-value of 1x10-50 for BLAST run and BLOSSUM scor-
ing matrix. In the ideogram, many NB-ARC genes of G. max found
best hit orthologous in the A. thaliana representing sequence con-
servation up to 80% (red in Figure). However, few genes in soybean
did not show any orthologous relationship in the genome of both
species, for instance, Glyma.18G093900. Furthermore, it has been
observed that duplications, including segmental duplication, tan-
dem duplication, and genomic duplication, played an essential role
in the expansion of the NB-ARC gene family in both crop species.

3.4. Insilico expression analysis

The expressions of 86 (NB-ARC) genes were investigated in root
tissues under biotic stress conditions by Lanubile et al. (2015). Dif-
ferential expression of these (NB-ARC) genes in root tissues under
biotic stress was revealed by heat map-based expression profiles
(Fig. 5). Heat map was divided into non-pathogenic Oxysporum iso-
late F036, and pathogenic F. oxysporum isolates FO40 at 72- and 92-



Fig. 1. Distribution of 103 NB-ARC genes on soybean chromosomes. The numbers at the top of each bar represent the soybean chromosome numbers. The location of each
gene is shown on the right-hand side of the respected chromosome.
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hours post-inoculation (hpi). In the analysis, a significant expres-
sion variation was observed in the spectrum of highly pathogenic
to non-pathogenic isolates collected from F. oxysporum that was
collected from roots. The expression-based hierarchical clustering
of genes was presented to show various gene clusters. The normal-
ized gene expression in each group to the expression levels from
dark green (downregulated) to dark red (upregulated) (Fig. 5).

Overall, 68 orthologous gene pairs were identified between soy-
bean and A. thaliana. A detailed analysis helped us classify expres-
sion data for the gene’s NB-ARC (86 soybean) gene expression
(Supplementary Table 2). The expression of non-pathogenic Oxys-
porum F036 isolates showed (NB-ARC) gene downregulation rela-
tive to pathogenic F040 Oxysporum isolates at 72 h post-
inoculation (hpi). Conversely, the pathogenic oxysporum isolates
(F040) were recorded more upregulated (NB-ARC) gene expression
6

(Fig. 5). Similarly, the expression pattern was differently recorded
at 90 hpi as compared to the 72 hpi level. The more significant
number of downregulated genes was recorded at 90 hpi under
both pathogenic and non-pathogenic fungal isolates (Fig. 5).
4. Discussion

R genes are a crucial element of the gene interaction between
biotrophic bacteria, fungi, and other plants, and they are also used
to control resistance to bacterial invasion (Flor, 1955). The fungal
genome sequences speed up the process for identifying more avir-
ulence (AVR) genes in plant pathogenic fungi and infecting essen-
tial agriculture crops. As single AVR genes are characterized by
their R allele, AVR and R gene interaction have become more com-



Fig. 2. a. Phylogenetic tree-based classification of CC-NB-ARC-LRR (NB-ARC). An un-rooted phylogenetic tree was created based on the full-length peptide sequences (NB-
ARC) with 1000 replicates. Classification is shown based on a phylogenetic tree using differences into groups: b Exon–intron structure analyses of (NB-ARC) genes. The gray
line represents introns, while the yellow boxes represent exons. The blue boxes represent the untranslated region (UTR). C: Conserved domains of soybean (NB-ARC) proteins.
According to the scale, the conserved domains of (NB-ARC) proteins identified by MEME are shown with colored boxes. Gray lines represent the non-conserved sequences,
and each domain is shown by a colored box numbered at the bottom.
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Fig. 3. Phylogenetic tree of 103 NB-ARC genes based on maximum likelihood methods with 1000 bootstraps constructed in MEGA 7.0. The numbers on the nodes represent
the percentage of bootstrap values from the 1000 replicates. Different colors are used to differentiate the significant cluster of orthologous genes (I-IX).

Table 2
The consensus sequence of identified motifs of NB-ARC genes in soybean.

Domains E value Sites width Multilevel consensus sequence

1 3.6e-2764 99 50 NSIIPALRLSYHDLPSHLKRCFAYCSJYPKDYEFEKERLIRLWMAEGFLK
2 1.8e-2097 165 39 LPSSJGKLKHLRYLDLSNTGIEKLPESJGKLYNLQTLDL
3 8.3e-1788 515 20 ALPSLKTLSISDCPKLESLP
4 2.5e-1595 100 28 LSVISIVGMGGLGKTTLAKLVFNDPRVK
5 7.6e-1335 99 28 DIGKEIVKKCKGLPLAIVTJGGLLRRKS
6 5.3e-1118 117 28 MDLESLQDELRNKLKGKRYLLVLDDVWN
7 4.9e-1426 64 50 KKLKTTLRSVKAVLDDAEQKQFTBSRVKEWLRELKDAVYDAEDLLDEIET
8 2.6e-933 104 24 FDLKAWVCVSQDFDIEKLTRTIJE
9 2.3e-1048 98 28 SEEGKTLEEVGZQYLBELLSRSFFQVSS
10 1.3e-1151 96 36 GANGSKILVTTRSEKVASIMGTSSVYHLHLLSPEDC
11 1.1e-792 84 24 FVMHDLVHDLALYVAGDFCFRLEE
12 2.4e-626 53 28 DVLENLQPSQHLEKLSIRGYGGTQFPDW
13 2.3e-715 56 28 TTSLVDESDIYGREEDKEKIIKLLTSDN
14 1.0e-553 18 50 PFLKELSISGLDGIVSINADFFGSSSSSFTSLESLKFSDMKEWEEWECKG
15 3.5e-445 45 39 NFFKSSKHLVFRYKIASRMKDISERLEKLASERDKFGLK
16 5.5e-506 17 50 FIVGKHKENGIKELGGLSNLHGSLSIRNLENVTQSBEALEARMMDKKHIN
17 3.2e-421 70 24 VGGAFLSAFLQVLFDKLASPEVVD
18 5.0e-445 67 20 RPKGGEDWPKIAHIPHVRID
19 4.4e-413 31 39 APVLQKLRLVGRLKKFPNWISKLQNLVTLSLSGSRLTND
20 3.6e-414 93 40 QLPDDPGCAALLCKAIDFIKTTASRLQSAYKNQDVKSEFR
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Fig. 4. Homologous identification of the NB-ARC genes family of soybean and Arabidopsis thaliana synteny analysis was performed using the Circoletto online tool, which was
practiced using the strict E-value of 1x10-50 and BLOSSUM matrix.
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plex (Petit-Houdenot and Fudal, 2017). Pathogens can become vir-
ulent by developing their AVR gene repertoire under the selection
pressure of R genes (Guttman et al., 2014). The main identified R
proteins are intercellular nucleotide-binding and leucine-rich
repeat receptors (NLR). In the sense of a reciprocal transition
between invader and host, other studies have suggested the ’zigzag
model’ to explain plants’ resistance mechanism (Jones et al., 2006).
Pathogenic molecular pattern-triggered immunity (PTI) is the first
step of plant defense, whereby the immune system of the plant
identifies a wide range of pathogenic agents with keeping molecu-
lar patterns that provide non-host resistance. In the second step,
effector-caused immunity (ETI) is observed by the type III secretion
system (TTSS), injecting into plant cells. ETI typically contributes to
an intensified PTI reaction, which is also called the (HR). Among
the known types of R-protein, those containing an NBS-LRR are
the most common (Dangl and Jones, 2001). In several monocot
and dicot species, including Arabidopsis (Meyers et al., 2003). Gen-
ome wide association-based identification provides a closer look
into gene structure and conserved motifs lends credibility classifi-
cation system. Furthermore, evolutionary pattern can be seen in
9

gene expression analyses and subcellular localization such type
of study (Ayaz et al., 2021). The similar identification, characteriza-
tion, and functional validation of the expression study of using
genome-wide association were also confirmed in legume crop
(Waqas et al., 2019). In comparison with other crop species, soy-
bean recorded 103 CC-NBS-LRR genes, which differs from that of
other crop species, such as 149 in Arabidopsis, 315 in cotton (Shi
et al., 2018), 148 in common bean (Wu et al., 2017), 29 in orchards
(Xue et al., 2020), and 104 in chickpea (Sharma et al., 2014). From
this comparison, we can infer that the number of NB-ARC encoding
genes does not appear to be proportional to the genome size of the
individual plant species.

The classification based on the phylogenetic tree followed the
same pattern as in other crop species. The CC-NBS-LRR characteri-
zation in terms of the intron/exon distribution and conserved
domains analysis results revealed that the conserved domain and
genetic structure were present among the same group members.
The TNL genes were at the predicted boundaries of the encoded
protein domain TIR, NBS, and LRR, which are indicatives of the pro-
duction of a modular protein comprising separate structural units



Fig. 5. Heat map of 86 genes (NB-ARC) inoculated with non-pathogenic Oxysporum isolate F036 and pathogenic F. oxysporum isolates FO40 hours post-inoculation (hpi). The
expression-based hierarchical clustering of genes was presented to show various gene clusters (Supplementary Table 2). Down-regulated genes are shown in green, and
upregulated are shown in red, with the color intensity corresponding to the degree of change.
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with different functions. It was also suggested that a specific struc-
ture was achieved with NB-ARC-LRR would help with the trans CC
domain. However, the Cis site’s CC domain would help for cross-
domain interaction for autoactivation (Rairdan et al., 2008).

The number of CC-NBS-LRR exon/introns ranged from one to
seven, which corresponds to the gene structure of most NB-ARC-
LRR genes in other plant species, such as chickpea (Sharma et al.,
2014). Similarly, different intron positions related to the CC termi-
nal were also reported in crop plants, such as Arabidopsis (Meyers
et al., 2003) and the N gene in tobacco (Whitham et al., 1994). Like
a shred of supporting evidence, structural diversity between exons
and introns is considered a valuable tool for the phylogenetic
grouping of these genes. Moreover, diversity is a significant part
of gene families’ evolution, development, diversification, and
neo-functionalization (Han et al., 2016). Additional introns were
also reported in Arabidopsis for both encoded LRR, and non-LRR-
CC-terminus domains were present at the 30 ends of the TNL genes.
In some species, such intron-less genes have been recorded (Ross
et al., 2007), which may be caused by intron losses during growth.
The ancient fusion of independent genes that encoded proteins
may represent the R gene configuration. CNL genes are more
ancient and have lost the modular gene structure but may have
been stable at the modular protein activity. The demonstration
that the domains of the potato CNL protein Rx will work in trans
to generate the hypersensitive response phenotype is confirmed
by the distinct functions of the different domains when either
the CC or the LRR is expressed from distinct genes (Moffett et al.,
2002). The phylogenetic tree made the grouping based on gene
clusters, i.e., TIR and CC motif, was also recorded (Zhou et al.,
2004). Both groups are involved with pathogen identification but
vary in their signaling pathway and amino acid sequences
10
(Meyers et al., 2003). In the ideogram, many NB-ARC genes of soy-
bean found best hit orthologous in the A. thaliana representing
sequence conservation up to 80% (red in Figure). Zhang et al.
(2019) also used synteny analysis to determine the synteny rela-
tionship. They suggested that R genes are essential to figuring
out novel resistance traits among the two-genome data that have
been functionally mapped are often found in tandem duplication
(TDs), and their syntenic orthologous are strongly conflicting. The
comparative synteny analysis results among soybean and Ara-
bidopsis thaliana may deduce the NB-ARC gene role, as they have
been presented with AtNB-ARC in an orthologous relation. The
orthologous gene pairs usually depend on the species diversity
(Blanc et al., 2004). In contrast, the TDs function played a signifi-
cant role in expanding the NB-ARC family in other crop plants
(Zhang et al., 2019). Furthermore, the purifying selection removed
the harmful effect of alleles during the selection process (Biswas
and Akey, 2006). Thus, it suggests that the critical nucleotide
sequences in NB-ARC should be preserved to play an essential role
in the survival of plants.

As a model plant, significant efforts have been made to charac-
terize A. thaliana genes functionally. The AtNB-ARC was thus
defined and functionally characterized. The resistance genes such
as Glyma.09G020500.1 are significant for disease resistance in soy-
bean and reported for systemic gained resistance (SAR). Similarly,
another gene (Glyma.09G020700.1) that is important for defense
response against disease resistance was also recorded significant
in soybean, respectively (Smallwood et al., 2018). The transcrip-
tome and expression data analysis results predicted that the simi-
lar gene Glyma.09G020500.1 was upregulated when FO36 (72hpi)
was applied, while Glyma.09G020700.1 was upregulated when
FO36 (96hpi) and F040 (96hpi) were applied respectively in soy-
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bean and functionally validate (Yang et al., 2008). The discovery of
AtNB-ARC orthologs in soybean will aid in the functional validation
of their roles in the plant. The NB-ARC can then be used for func-
tional genomics in soybean and biotic stress breeding programs.

5. Conclusions

In summary, 103 NB-ARC non-redundant genes were identified
in soybean as legumes in the present study. Their classification,
gene structure, and conserved domain characterization; and com-
parative phylogenetic analyses propose conservation among NB-
ARC groups of the plant species. In this response, many well-
known defense genes were triggered more strongly. Furthermore,
most of the genes were upregulated in stress situations, implying
that they play their role in the mediation of stress responses in soy-
beans. These studies help to speed up the functional analysis of NB-
ARC under biotic stress. Overall, the candidate CC-ARC genes can
be used in the laboratory studies in the future to elaborate gene
function against stress breeding program.
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