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Abstract
Background Nitric oxide (NO) is pivotal in regulating the activity of NBS-LRR specific R genes, crucial components 
of the plant’s immune system. It is noteworthy that previous research has not included a genome-wide analysis of 
NO-responsive NBS-LRR genes in plants.

Results The current study examined 29 NO-induced NBS-LRR genes from Arabidopsis thaliana, along with two 
monocots (rice and maize) and two dicots (soybean and tomato) using genome-wide analysis tools. These NBS-LRR 
genes were subjected to comprehensive characterization, including analysis of their physio-chemical properties, 
phylogenetic relationships, domain and motif identification, exon/intron structures, cis-elements, protein-protein 
interactions, prediction of S-Nitrosylation sites, and comparison of transcriptomic and qRT-PCR data. Results showed 
the diverse distribution of NBS-LRR genes across chromosomes, and variations in amino acid number, exons/introns, 
molecular weight, and theoretical isoelectric point, and they were found in various cellular locations like the plasma 
membrane, cytoplasm, and nucleus. These genes predominantly harbor the NB-ARC superfamily, LRR, LRR_8, and TIR 
domains, as also confirmed by motif analysis. Additionally, they feature species-specific PLN00113 superfamily and 
RX-CC_like domain in dicots and monocots, respectively, both responsive to defense against pathogen attacks. The 
NO-induced NBS-LRR genes of Arabidopsis reveal the presence of cis-elements responsive to phytohormones, light, 
stress, and growth, suggesting a wide range of responses mediated by NO. Protein-protein interactions, coupled with 
the prediction of S-Nitrosylation sites, offer valuable insights into the regulatory role of NO at the protein level within 
each respective species.

Conclusion These above findings aimed to provide a thorough understanding of the impact of NO on NBS-LRR 
genes and their relationships with key plant species.
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Introduction
High temperatures and excessive moisture create favor-
able conditions for pathogens to assail plants, posing a 
significant threat to global crop production. Nonetheless, 
plants have developed complex strategies over time to 
defend against pathogens. This involves the recognition 
of pathogen-associated molecular patterns (PAMPs) by 
the plants through PAMP recognition receptors (PRRs), 
ultimately leading to the induction of PAMP-triggered 
immunity (PTI) [1]. However, some pathogens can over-
come PTI by delivering an armada of effector molecules 
that increase their pathogenicity and virulence, thereby 
causing effector-triggered susceptibility (ETS). On the 
other hand, resistant plants can recognize pathogen effec-
tors via resistance (R) gene products resulting in effector-
triggered immunity (ETI) [1]. After the identification of 
the first R gene, Hm1, in maize in 1992, more than 300 
R genes from various plant species have been described, 
with 60% belonging to the large family of nucleotide-
binding sites and leucine-rich repeats (NBS-LRR) gene 
family [2, 3]. These NBS-LRR genes encode proteins fea-
turing a diverse amino (N)-terminal domain, a central 
nucleotide-binding site (NBS), and a leucine-rich repeats 
(LRR) domain at the carboxy (C)-terminal [4]. The NBS 
domain, comprising approximately 300 amino acids with 
specific motifs arranged in a defined order, plays a cru-
cial role in binding and hydrolyzing ATP and GTP during 
the establishment of plant disease resistance; conversely, 
the LRR motif within the NBS-LRR protein is responsible 
for recognizing virulence factors (effectors) released by 
the pathogens [4–6]. NBS-LRR proteins can recognize 
a diverse range of effectors released by phytopathogens 
including bacteria, fungi, viruses, and even insects [7].

The R genes encoding the NBS-LRR family proteins are 
further classified into two main groups. The first group 
consists of proteins with the TOLL/interleukin-1 recep-
tor (TIR) domain, and is designated as the TNL group 
of proteins (representing TIR-NBS-LRR proteins). The 
second protein group is characterized by the presence of 
a coiled-coil (CC) domain at the N-terminal and desig-
nated as the CC-NBS-LRR group of proteins [1, 4]. Addi-
tionally, a small group of non-TNL genes with RPW8 
(resistance to powdery mildew8) domains have also been 
identified [8, 9], where RPW8-NBS-LRR (RNL) genes 
have been recognized as parallel to the CNL genes [10].

Recent advancements in plant genome sequencing 
technologies have accelerated the genome-wide discov-
ery, identification, and analysis of NBS-LRR genes in 
many species, for example, Arabidopsis thaliana (189 
NBS-LRR genes) [6]; Actinidia chinensis (100) [11]; Ake-
bia trifoliata (73) [12]; Cicer arietinum (121) [13]; Citrus 
sinensis (111) [14]; Cucumis sativus (33) [15]; Lagenaria 
siceraria (84) [16]; Dioscorea rotundata (167) [17]; Popu-
lus trichocarpa (402) [18]; Triticum aestivum (2151) [19], 

Vitis vinifera (352) [20] and other plant species. Over-
expressing the grape VaRGA1 and soybean GMKR3 TNL 
genes significantly enhanced disease resistance [21, 22]; 
whereas, the down-regulation of the cotton NBS-LRR 
gene GbaNA1 compromised the defense against Verti-
cillium dahliae [23]. These studies emphasize the wide-
spread distribution of NBS-LRR genes throughout the 
plant kingdom and can play a crucial role in developing 
novel resistance traits. Comparative analysis not only 
enhances our understanding of evolutionary processes 
and pathogen-resistance mechanisms across species but 
also reveals insights into discovering new R genes.

An oxidative burst is characterized by the rapid gen-
eration of reactive oxygen species (ROS) soon after infec-
tion followed by the activation of numerous plant genes 
crucial for cellular defense. However, this ROS burst 
alone proves insufficient for a robust disease-resistance 
response [24, 25]. Delledonne, et al. [26] reported that 
nitric oxide (NO) regulates plant immunity by facilitat-
ing the induction of hypersensitive response (HR) cell 
death. Subsequent findings revealed an increase in NO 
levels following R-gene-dependent pathogen recogni-
tion triggered by the production of the immune activa-
tor salicylic acid (SA) and immune-response genes [27]. 
NO covalently binds to specific reactive cysteine (Cys) 
thiols in proteins, forming S-nitrosothiols (SNOs). The 
nitrosative burst plays a crucial role in activating a dis-
tinct set of NO-responsive proteins, via NO signaling. 
This signaling cascade regulates the synthesis of SA [28], 
triggers HR [29], and, in certain cases, results in the clo-
sure of stomata [30]. Additionally, the conjugation of 
pathogens and PAMPs displayed an influx of extracellular 
Ca2+ influencing pathways upstream of endogenous NO 
production [31, 32]. The nitrate reductases gene, NIA1 
and NIA2, play essential roles in producing NO during 
immune responses and are closely linked to NO synthe-
sis [33–36]. When SA was applied to mutant lines nia1, 
nia2, and nia1nia2, a notable reduction in NO produc-
tion was observed compared to WT. Moreover, inoculat-
ing these mutant lines with the pathogen Pseudomonas 
syringae pv. maculicola resulted in reduced NO response 
[34, 37]. S-nitrosoglutathione (GSNO) reductase is the 
main regulator of the dynamic processes of S-nitrosyl-
ation and denitrosylation within cells [32, 38]. The con-
nection between GSNOR activity and immune function 
was initially uncovered with a loss-of-function mutation 
in A. thaliana, atgsnor1-3 led to a significant rise in cel-
lular SNO levels [39]. The gsnor1-3 line demonstrates 
the loss of various modes of plant immunity, including 
non-host resistance, basal defense, and R-gene-mediated 
protection [40] indicating the importance of NO in regu-
lating plant immunity at the molecular level. Afterward, 
the loss of GSNOR function in plants has been shown to 



Page 3 of 17Das et al. BMC Plant Biology          (2024) 24:934 

regulate multiple modes of disease resistance as well as 
overall plant development [41, 42].

Therefore, the nitric oxide (NO)-induced NBS-LRR 
transcripts of Arabidopsis thaliana present opportunities 
for comprehensive characterization through genome-
wide analysis, and their potential relationship with the 
non-model species as homologs of the Arabidopsis NO-
responsive NBS-LRR genes in monocots (Oryza sativa 
and Zea mays) and dicots (Glycine max and Solanum 
lycopersicum). It is worth noting that none of the prior 
studies report a genome-wide analysis of NO-responsive 
NBS-LRR genes in plants. This study identified twenty-
nine NO-induced NBS-LRR transcripts through tran-
scriptome analysis of Arabidopsis accession Col-0 leaf 
samples at the rosette stage after 6 h of infiltration with 
1mM S-nitrosocysteine (CysNO). Additionally, twenty-
seven genes from monocots and dicots were included for 
further investigation, encompassing phylogenetic analy-
sis, gene structure, cis-elements, domain and motif iden-
tification, protein-protein interaction, S-Nitrosylation 
sites, and finally validation of transcriptomic and q-RT 
PCR results.

Results
Identification of physio-chemical attributes of NBS-LRR 
genes
Twenty-nine (29) NBS-LRR genes were identified as 
responsive to nitric oxide (NO), with 17 genes display-
ing upregulation and 12 genes exhibiting downregula-
tion following NO infiltration into Arabidopsis leaves. 
To conduct a comparative analysis of these NO-induced 
NBS-LRR genes, we specifically chose NBS-LRR genes 
from widely cultivated monocots (O. sativa and Z. mays) 
and dicots (G. max and S. lycopersicum) (Table  1). We 
found the Arabidopsis genes were mostly distributed on 
all the chromosomes, but they were especially abundant 
on AtChr1 and AtChr5; whereas, other species including 
rice (OsChr1, OsChr6, and OsChr12), maize (ZmChr2, 
ZmChr4, ZmChr5, ZmChr8, and ZmChr10), soybean 
(GmChr3, GmChr6, GmChr13, GmChr15, GmChr16, 
GmChr18, and GmChr19), and tomato (SlChr5, SlChr7, 
and SlChr12) were also well scattered on the differ-
ent chromosomes. In detail, chromosomal location and 
their distribution are shown in Table 1. For the NBS-LRR 
genes of Arabidopsis, the CDS length was between 519 
and 5235 bp; moreover, rice, maize, soybean, and tomato 
genes spanned 1482–4437, 2592–3336, 1911–3678, 
and 588–4275  bp, respectively. The longest protein was 
encoded by AT1G69550.1 (1401 aa) in Arabidopsis, LOC_
Os06g49390.1 (1479 aa) in rice, Zm00001eb349360_
T002 (1112 aa) in maize, Glyma.03g037300.2 (1226 
aa) in soybean, and Solyc12g097000.2.1 (196 aa) in 
tomato. Conversely, the shortest protein was encoded 
by the gene AT1G57630.1 (173 aa) in Arabidopsis, 

LOC_Os12g32670.1 (494 aa) in rice, Zm00001eb197290_
T001 (864 aa) in maize, Glyma.16g118600.2 (584 aa) in 
soybean, and Solyc05g006620.2.1 (1425 aa) in tomato 
(Table  1). In addition, the molecular weight displayed 
noteworthy variation, ranging from 19.412 to 196.906, 
55.29434-166.47254, 97.16231–124.4716, 66.45707–
139.6676, and 22.25826-159.72534  kDa in Arabidop-
sis, rice, maize, soybean, and tomato, respectively. The 
proteins encoded by NBS-LRR-related genes in tomato 
were consistently acidic, characterized by their isoelec-
tric points below 7. On the other hand, while over half 
of the proteins encoded by NBS-LRR-related genes in 
Arabidopsis were also acidic, those from rice, maize, and 
soybean were predominantly alkaline, featuring higher 
isoelectric point values (Table  1). ExPASy database 
analysis showed that most NBS-LRR proteins in Arabi-
dopsis, rice, maize, soybean, and tomato were hydro-
philic (GRAVY < 0), except for one Arabidopsis gene 
(AT1G69550.1). The Arabidopsis NBS-LRR proteins were 
predicted to be localized in the plasma membrane, cyto-
plasm, chloroplast, and nucleus, those of the monocots 
and dicots were predominantly localized only in the cyto-
plasm, as predicted by the subCELlular Localization pre-
dictor CELLO v.2.5 (Table 1).

Phylogenetic relationship and structural domain analysis
Using the Maximum Likelihood method, a phylogenetic 
tree was created to analyze the evolutionary relationships 
among NBS-LRR genes in Arabidopsis (AT), rice (LOC), 
maize (Zm), soybean (Glyma), and tomato (Solyc). The 
genes were categorized into groups represented by differ-
ent colors (Fig. 1A; Supplementary Table 1). The purple 
clade, composed mostly of Arabidopsis genes, displays 
many closely related genes, highlighting high similarity 
within this species. The red clade, which includes soy-
bean, tomato, and Arabidopsis genes, forms a distinct 
cluster, suggesting unique evolutionary paths or func-
tions for these species. The blue clade, containing maize 
genes, shows significant clustering, pointing to species-
specific evolutionary pressures or constraints. Similar to 
soybean and tomato, rice genes exhibit diverse branch-
ing patterns, suggesting varied evolutionary histories 
or adaptation strategies. The phylogenetic tree not only 
shows the similarities and differences between the gene 
sequences but also gives useful information about how 
a set of genes evolves in different plant species and how 
they are related to each other.

Subsequently, conserved domains were identified 
with the help of the NCBI Conserved Domain Database 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 
and TBtools. A total of 14 domains were found in all spe-
cies, including RX-CC-like, NB-ARC superfamily, LRR 
superfamily, PLN03210 superfamily, TIR, C-JID, Rx-N, 
C-JID superfamily, PPP1R42 superfamily, NB-ARC, 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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Tran-
script 
No.

Transcript ID Chr Location
Start-End

Strand CDS 
(bp)

Pro-
tein 
length 
(aa)

Protein 
molecular 
weight 
(kDa)

Iso-
electric 
point 
(pI)

GRAVY Subcellular 
localization

01 AT1G17610.1 1 6,054,921–6,058,357 Forward 1263 421 47.756 5.89 -0.157 Cytoplasmic
02 AT1G31540.2 1 11,288,377–11,293,799 Reverse 3486 1162 133.493 5.48 -0.25 Nuclear
03 AT1G56540.1 1 21,181,584–21,185,495 Forward 3291 1097 125.009 6.57 -0.207 Plasma membrane
04 AT1G57630.1 1 21,345,444–21,346,157 Forward 519 173 19.412 7.69 -0.165 Chloroplast
05 AT1G57650.1 1 21,351,165–21,354,311 Forward 2130 710 82.042 5.5 -0.182 Nuclear
06 AT1G63750.3 1 23,650,839–23,655,453 Forward 3396 1132 128.069 5.53 -0.333 Nuclear
07 AT1G66090.1 1 24,602,032–24,604,763 Forward 1290 430 48.023 7.22 -0.211 Nuclear; Plasma 

membrane
08 AT1G69550.1 1 26,148,020–26,153,600 Reverse 4203 1401 155.201 5.76 0.051 Plasma mem-

brane; Nuclear
09 AT1G72890.2 1 27,429,915–27,432,003 Forward 1464 488 56.697 9.56 -0.276 Plasma mem-

brane; Mitochon-
drial; Nuclear

10 AT2G20142.1 2 8,695,373–8,696,643 Forward 942 314 36.196 8.31 -0.035 Plasma membrane
11 AT3G04220.3 3 1,108,724–1,112,437 Reverse 2691 897 102.043 6.21 -0.276 Nuclear
12 AT3G25510.1 3 9,263,794–9,268,972 Reverse 3246 1326 121.111 5.7 -0.02 Nuclear
13 AT3G44400.1 3 16,044,661–16,049,803 Reverse 3024 1008 115.784 7.49 -0.241 Nuclear
14 AT3G44670.1 3 16,216,805–16,221,722 Forward 3660 1220 139.09 6.33 -0.243 Nuclear
15 AT4G14370.2 4 8,279,633–8,283,535 Reverse 3156 1052 120.185 6.37 -0.332 Nuclear
16 AT4G19520.1 4 10,639,268–10,647,280 Reverse 5235 1745 196.906 8.64 -0.181 Nuclear
17 AT5G17880.1 5 5,908,833–5,913,317 Reverse 3594 1198 135.859 8.12 -0.388 Nuclear
18 AT5G22690.2 5 7,541,071–7,545,256 Forward 3033 1011 115.220 8.11 -0.195 Nuclear
19 AT5G40060.1 5 16,034,441–16,039,096 Forward 2907 968 109.424 8.18 -0.147 Nuclear
20 AT5G40910.1 5 16,394,461–16,400,489 Forward 3315 1105 124.314 6.77 -0.066 Plasma mem-

brane; Nuclear
21 AT5G41550.1 5 16,617,231–16,620,824 Reverse 3258 1086 122.064 7.33 -0.183 Nuclear
22 AT5G41740.2 5 16,688,625–16,693,119 Forward 3345 1115 125.492 8.44 -0.184 Nuclear
23 AT5G44910.1 5 18,137,348–18,138,757 forward 726 242 27.518 6.14 -0.17 Plasma membrane
24 AT5G46260.1 5 18,758,698–18,763,503 reverse 3618 1206 137.472 7.71 -0.266 Nuclear
25 AT5G46270.4 5 18,763,971–18,769,090 reverse 3438 1146 130.415 5.6 -0.176 Nuclear
26 AT5G46510.1 5 18,860,233–18,867,015 forward 4062 1354 153.544 5.09 -0.296 Nuclear
27 AT5G43740.1 5 17,564,696–17,569,148 forward 2589 863 98.472 5.64 -0.079 Cytoplasmic
28 AT5G63020.1 5 25,283,062–25,286,121 reverse 2667 889 101.801 6.18 -0.135 Cytoplasmic; 

Nuclear
29 AT5G66910.1 5 26,718,129–26,721,377 reverse 2448 816 92.93 5.41 -0.095 Cytoplasmic; 

Nuclear
30 LOC_Os01g16370.1 1 9,293,170–9,299,788 forward 2331 777 88.25878 9.03 -0.113 Cytoplasmic
31 LOC_Os06g05359.1 6 2,410,175–2,418,568 forward 3081 1027 117.68518 8.35 -0.304 Cytoplasmic
32 LOC_Os06g06380.1 6 2,973,520–2,979,496 reverse 2865 955 108.01102 8.25 -0.087 Cytoplasmic
33 LOC_Os06g41670.1 6 24,954,261–24,959,578 reverse 1740 580 66.4109 8.52 -0.188 Cytoplasmic
34 LOC_Os06g49390.1 6 29,926,769–29,931,821 reverse 4437 1479 166.47254 6.32 -0.204 Cytoplasmic
35 LOC_Os12g32670.1 12 19,716,107–19,719,992 reverse 1482 494 55.29434 6.68 -0.259 Cytoplasmic
36 Zm00001eb115030_T001 2 235,315,765–

235,322,044
reverse 3141 1047 116.09234 8.67 -0.248 Cytoplasmic

37 Zm00001eb197290_T001 4 195,390,851–
195,393,586

reverse 2592 864 97.16231 8.04 -0.159 Cytoplasmic

38 Zm00001eb226710_T001 5 57,365,615–57,387,844 reverse 2700 900 103.00206 6.84 -0.091 Cytoplasmic
39 Zm00001eb349360_T002 8 106,610,582–

106,614,710
reverse 3336 1112 124.4716 8.92 -0.214 Cytoplasmic

40 Zm00001eb405270_T001 10 1,566,941–1,573,505 reverse 3120 1040 119.13999 7.23 -0.263 Cytoplasmic
41 Glyma.03g037100.2 3 4,541,759–4,546,288 forward 3663 1221 138.66895 5.87 -0.204 Cytoplasmic
42 Glyma.03g037300.2 3 4,566,741–4,573,890 forward 3678 1226 139.6676 6.37 -0.201 Cytoplasmic

Table 1 List of genes and the physio-chemical attributes of NBS-LRR genes in A. Thaliana, O. sativa, Z. mays, G. Max, and S. Lycopersicum
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LRR-8, PLN00113 superfamily, LRR, and RPW8 super-
family (Fig.  1B; Supplementary Table 2). The NBS-LRR 
genes from all the species under study were categorized 
according to their number of domains, wherein the larg-
est number of domains were found in AT4G19520.1 
(two PLN00113 superfamily, one each from the LRR 
superfamily, and TIR domains). Except AT5G63020.1, 
AT5G43740.1, AT2G20142.1, and AT5G44910.1, the 
majority of NO-induced NBS-LRR genes in Arabidopsis 
primarily possessed the PLN00113 superfamily domain. 
Conversely, genes lacking the PLN00113 superfamily 
domain typically contained domains such as NB-ARC 
superfamily, LRR, LRR-8, and TIR domains (Fig.  1B). 
Apart from the soybean gene Glyma.18g287100.2, all 
other genes retain the PLN00113 superfamily domain in 
addition to RX-CC-like, NB-ARC superfamily, Rx-N, and 
PPP1R42 superfamily domains. However, NBS-LRR genes 
in rice and maize lack the PLN00113 superfamily domain 
and primarily contain RX-CC-like, NB-ARC super-
family, LRR superfamily, and Rx-N domains (Fig.  1B). 
Tomato genes exhibit conserved domains, including the 
PLN00113 superfamily, PLN00113 superfamily, C-JID, 
and TIR. Comparative domain analysis among NO-
induced Arabidopsis genes with the homologs of the 
Arabidopsis NO-responsive genes of monocots (rice and 
maize) and dicots (soybean and tomato) revealed the 
shared and conserved history of the NBS-LRR domain 
along with other domains in these plant species.

Gene structure and putative cis-regulatory element 
analysis
A total of 56 NBS-LRR genes were identified across A. 
thaliana, O. sativa, Z. mays, G. max, and S. lycopersicum, 
each displaying distinct exon and intron patterns as deter-
mined by the Gene Structure Display Server 2.0 (Fig. 2A). 

Based on the number of exons present, these genes were 
categorized using different colors. Approximately 5–8 
exons were observed in 15 genes of Arabidopsis, as well 
as in two dicots (soybean and tomato), while all genes 
from monocots (rice and maize) had up to a maximum of 
3 exons. Furthermore, certain NBS-LRR genes in Arabi-
dopsis (AT5G43740.1, AT1G7610.1, and AT1G57630.1), 
rice (LOC_Os06g41670.1 and LOC_Os12g32670.1), 
soybean (Glyma.03g037300.2, Glyma.03g037100.2, 
Glyma.13g184800.2, and Glyma.19g134200.1) and maize 
(Zm00001eb349360_Too2) had no introns (Fig. 2A).

Additionally, using the PlantCARE database, we evalu-
ated the NBS-LRR genes from A. thaliana, O. sativa, Z. 
mays, G. max, and S. lycopersicum for the distribution of 
cis-regulatory elements (CREs) within a 1  kb promoter 
region of each gene. These CREs were then categorized 
and summed based on their functions in plant develop-
ment and their responses to phytohormones, light and 
different environmental conditions. Detailed informa-
tion regarding the identified CREs in the correspond-
ing NBS-LRR genes is provided in Supplementary Table 
3. Analysis revealed that among the 56 NBS-LRR genes 
examined, 23 genes were found to harbor a significant 
number of CREs, including those responsive to phyto-
hormones, light, stress, and plant growth and develop-
ment (Fig. 2B). Furthermore, 10 genes from Arabidopsis, 
3 from rice, 2 from maize, 6 from soybean, and 2 from 
tomato contained CREs responsible for regulating plant 
growth and development (Fig. 2B; red box). Additionally, 
we observed that all genes contained CREs responsive to 
light in their promoter sequences, whereas AT5G22690.2 
and Solyc05g006630.2.1, carried light-responsive CREs 
only (Fig.  2B; yellow box). After light-responsive CREs, 
NBS-LRR genes also contained various phytohormone-
responsive CREs in their promoter regions. These include 

Tran-
script 
No.

Transcript ID Chr Location
Start-End

Strand CDS 
(bp)

Pro-
tein 
length 
(aa)

Protein 
molecular 
weight 
(kDa)

Iso-
electric 
point 
(pI)

GRAVY Subcellular 
localization

43 Glyma.03g088100.2 3 26,147,637–26,152,559 forward 2778 926 105.11203 6.29 -0.189 Cytoplasmic
44 Glyma.06g259800.2 6 45,555,048–45,558,566 reverse 3609 860 99.50453 5.01 -0.39 Cytoplasmic
45 Glyma.06g267300.2 6 45,555,048–45,558,566 forward 1911 637 72.65473 8.4 -0.323 Cytoplasmic
46 Glyma.13g184800.2 13 29,858,000–29,863,047 reverse 3198 1066 121.57487 7.87 -0.266 Cytoplasmic
47 Glyma.15g168500.2 15 15,007,753–15,012,598 reverse 2763 921 105.43098 6.83 -0.236 Cytoplasmic
48 Glyma.16g118600.2 16 26,442,194–26,445,922 forward 2394 584 66.45707 8.05 -0.173 Cytoplasmic
49 Glyma.18g287100.2 18 56,710,302–56,713,686 reverse 2286 762 87.22922 8.9 -0.258 Cytoplasmic
50 Glyma.19g134200.1 19 39,523,361–39,525,814 reverse 2220 740 84.3507 7.57 -0.083 Cytoplasmic
51 Solyc05g006620.2.1 5 1,267,541–1,277,499 reverse 4275 1425 159.72534 6.33 -0.115 Cytoplasmic
52 Solyc05g006630.2.1 5 1,281,454–1,291,211 forward 4098 1366 153.92672 6.12 -0.18 Cytoplasmic
53 Solyc07g052770.2.1 7 61,218,509–61,222,379 forward 2922 974 111.40282 5.78 -0.148 Cytoplasmic
54 Solyc07g052800.2.1 7 61,375,262–61,376,839 forward 1155 385 44.21608 6.36 -0.143 Cytoplasmic
55 Solyc12g097000.2.1 12 65,199,380–65,200,267 reverse 588 196 22.25826 6.17 -0.297 Cytoplasmic
56 Solyc12g097010.1.1 12 65,201,249–65,204,709 reverse 2298 765 88.26968 5.53 -0.225 Cytoplasmic

Table 1 (continued) 
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elements responsive to auxin, abscisic acid, salicylic acid, 
gibberellic acid, and methyl jasmonate (Fig.  2B; green 
box and Supplementary Table 3). The orthologous NBS-
LRR genes identified in A. thaliana, O. sativa, Z. mays, 
G. max, and S. lycopersicum exhibit shared functional 

CREs, despite variations in both the types and quantities 
of CREs present. The unique functions of these CREs in 
NBS-LRR genes, such as involvement in developmental 
processes, hormone responses, and responses to abiotic 

Fig. 1 Phylogenetic analysis and the identification of conserved domains. A Maximum Likelihood phylogenetic tree of A. thaliana, O. sativa, Z. mays, G. 
max, and S. lycopersicum NBS-LRR mRNA sequences was created using MEGA X 10.1.8 with 1000 bootstrap replications (A). The highly conserved struc-
tural domains of NBS-LRR proteins from A. thaliana, O. sativa, Z. mays, G. max, and S. lycopersicum were mined through the NCBI CDD and visualized by 
TBtools-II v2.102 that are shown as colored boxes (B). The scale bar represents the sequence length in base pairs of proteins used for the analysis (B). The 
respective genes are color-coded based on the number of domains (B)
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and biotic stresses, underscore their significance in plant 
molecular functions.

Conserved motif analysis of NBS-LRR genes
The candidate protein sequences underwent motif 
analysis using the ‘MEME’ server, revealing the pres-
ence of 10 conserved motifs dispersed throughout the 

protein sequences (Fig.  3). Further validation through 
Pfam data analysis showed that motifs 1, 6, 7, and 8 
were associated with the TIR domain, motif 4 with the 
NB-ARC domain, and motif 5 with the LRR_3 domain. 
However, motifs 2, 3, 9, and 10 are not associated with 
any domains. Additionally, NBS-LRR genes from A. thali-
ana, O. sativa, Z. mays, G. max, and S. lycopersicum 

Fig. 2 Gene structure and cis-regulatory elements. The gene structure of NBS-LRR genes from A. thaliana, O. sativa, Z. mays, G. max, and S. lycopersicum 
with the number, size, and location of introns and exons (A). The gene structure was analyzed using Gene Structure Display Server 2.0. Introns and exons 
are represented by black lines and purple boxes, respectively. The lengths of introns and exons for each gene are displayed proportionally. The color-
groups are based on the number of exons of the respective genes (A). The distribution of cis-regulatory elements (CREs) within the 1 kb promoter region 
of these NBS-LRR genes was identified using PlantCARE and merged using MS Excel (B). Values in the bar graph represent the number of total CREs are 
involved in phytohormone, light, stress responses or growth and development responses. Several color groups indicate the number of cis-elements pres-
ent in response to phytohormone, light, stress responses or growth and development of the respective genes (B)
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were categorized based on their frequency of motifs in 
the protein sequence and represented with different col-
ors (Fig. 3A). Motif 5 corresponds to the LRR_3 domain, 
situated at the C-terminus, found in 19 Arabidopsis 

NBS-LRR genes, along with two genes each from soy-
bean and tomato; whereas, Solyc12g097000.2.1 contained 
only motif 5. Moreover, in rice and maize, motifs 6 and 
10 were notably found at the N- and C-terminal regions, 

Fig. 3 Identification of motif locations. The MEME tool was employed to conduct conserved motif analysis, resulting in the identification of 10 conserved 
motifs with sequence IDs, motifs, and logos are provided as part of the analysis (A). The respective genes are color-coded based on the presence of a 
higher number of motifs (A). The sequence logos depict ten highly conserved motifs identified in NBS-LRR proteins from A. thaliana, O. sativa, Z. mays, G. 
max, and S. lycopersicum (B)
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respectively, with motif numbers ranging from 2 to 4. 
Similarly, motifs 2 and 4 were commonly detected in 
soybean genes, mirroring their presence in Arabidopsis 
genes, although three Arabidopsis genes (AT1G57630.1, 
AT2G20142.1, and AT5G44910.1) did not exhibit these 
motifs. Figure  3B displays sequence logos illustrating 
highly conserved amino acids (minimum 21 to maximum 
50). Stacks of letters represent the potential number of 
amino acids at each position, with the size of the letter 
indicating their frequency in the sequence. The height 
of the letter reflects the degree of conservation at that 
position, with total stack heights providing information 
on conservation measured in bit score. Higher scores 
indicate greater conservation, while lower scores signify 
randomness. The conserved motifs we have identified 
play a crucial role in elucidating the molecular function 
of NBS-LRR gene family across all species, particularly in 
the context of plant immunity.

Protein–protein interaction for NBS-LRR genes and 
predicted S-Nitrosylation active sites
Figure  4A, B, C and D, and 4E represent the predicted 
protein–protein interaction (PPI) networks for A. thali-
ana, O. sativa, Z. mays, G. max, and S. lycopersicum, 
respectively. In these figures, the majority of identified 
proteins from each species are categorized as disease 
resistance proteins associated with the NBS-LRR family 
(Supplementary Table 4). However, in Fig. 4A, the CHS1 
protein from Arabidopsis and T8L23.12, known as an 
ATP-binding protein, were not included in the NBS-LRR 
family. While proteins from Arabidopsis and rice exhib-
ited robust interactions, those from maize, soybean, and 
tomato showed limited interaction among themselves 
(Fig. 4).

Additionally, the AlphaFold protein structure revealed 
differences among the NBS-LRR genes within each spe-
cies and between different species (Supplementary 
Fig.  1‒5). However, we checked the possible S-Nitro-
sylation sites from NO-induced NBS-LRR genes of 
Arabidopsis; therefore, we chose four TIR-NBS-LRR 
(AT4G14370.2, AT4G19520.1, AT5G40060.1 and 
AT5G46270.4) and two CC-NBS-LRR (AT5G43740.1 
and AT5G63020.1) genes based on their highest number 
of S-Nitrosylation sites identified by the GPS-SNO 1.0 
tool. Subsequently, we utilized Pymol to visualize the 3D 
protein structure, highlighting the respective S-Nitrosyl-
ation sites with purple bonds (Fig.  5A; Supplementary 
Table 5). Similarly, we identified minimum 2 and maxi-
mum 6  S-Nitrosylation sites from rice, maize, soybean, 
and tomato, which were visualized as discussed before 
(Fig. 5B-E; Supplementary Table 5). Specifically, S-Nitro-
sylation has the potential to alter the activity of NBS-
LRR proteins, thereby impacting their capacity to detect 
pathogens and initiate immune responses [40]. Hence, 

the identification of specific S-Nitrosylation sites within 
the listed genes of our studied species presents an oppor-
tunity to delve deeper into the molecular mechanisms 
underlying plant immunity, particularly those involving 
NBS-LRR proteins.

Validation of transcriptional changes of NO-induced NBS-
LRR genes by quantitative RT-PCR
Of the 32,535 differentially expressed genes (DEGs), a 
total of 29 NBS-LRR DEGs were recorded in the data set. 
Of the genes analyzed, 17 were up-regulated, as shown in 
red in Fig. 6A, while 12 were down-regulated, as shown 
in blue in the same figure. As a norm, to further validate 
the transcriptional changes triggered by CysNO treat-
ment, we selected 4 NBS-LRR genes each from up- and 
down-regulated DEGs, and measured the changes in 
their transcript accumulation within the first 6 h of infil-
tration with 1mM CysNO (Fig. 6B). These genes primar-
ily participate in plant defense mechanisms mediated by 
NBS-LRR proteins, along with involvement in other met-
abolic pathways in plants. A significantly higher correla-
tion (correlation coefficient R2 = 0.97) was observed in the 
expression patterns recorded in the qRT-PCR and tran-
scriptomic data. The high correlation coefficient of 0.97 
underscores the statistical reliability and comparability of 
the qRT-PCR results with the RNA-Seq data (Fig. 6).

Discussion
The NBS-LRR (nucleotide-binding site–leucine-rich 
repeat) family stands out as the predominant and most 
expansive group of plant R genes (0.2–1.6% in the whole 
genome), ubiquitous across various plant species [20, 43]. 
It has been suggested that a resistance protein can opti-
mize its detection capabilities by surveilling or ‘guarding’ 
a host protein that is targeted by multiple pathogen effec-
tors [44]. Notably, nitric oxide (NO) contributes to plant 
defense responses by activating directly or indirectly the 
defense response R-gene to trigger the production of the 
immune activator and activated immune-response genes 
[27, 45, 46]. However, thanks to advancements in DNA 
sequencing technology, the genomes of many crops have 
been successfully sequenced. This wealth of genomic data 
has significantly expedited the discovery and understand-
ing of functional R genes in economically significant 
plants [47–49], marking the dawn of a new era in molec-
ular breeding [50].

In this investigation, we identified 29 NBS-LRR 
genes induced by NO through transcriptomic analy-
sis of Arabidopsis leaves at the rosette stage. Among 
these, AT5G63020.1 and AT5G66910.1 are recognized 
as belonging to the CC-NBS-LRR class, while the rest 
of them are categorized under the TIR-NBS-LRR class 
family. Additionally, we included two monocots (rice 
and maize) and two dicots (soybean and tomato) in our 
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analysis to establish a comparative relationship with 
the NO-induced NBS-LRR genes to understand their 
structural and functional assessment that has not been 
previously undertaken. Based on our analysis of the 
physio-chemical properties of the predicted proteins, 
we observed the distribution of genes across chromo-
somes in different plant species shows notable patterns. 
This chromosomal distribution of Arabidopsis genes 
may indicate regions of higher gene density or hotspots 

of genetic activity. Comparatively, in non-model species 
as homologs of the Arabidopsis NO-responsive pro-
teins present in rice, maize, soybean, and tomato, the 
gene distribution also spans multiple chromosomes, yet 
specific chromosomes seem to carry a higher gene load 
(Table 1). These findings align with previous studies that 
suggest gene distribution is not uniform across chromo-
somes but rather exhibits areas of higher gene density 
[6, 51]. Furthermore, the bioinformatic analyses for the 

Fig. 4 Protein-protein interaction analysis. The protein-protein interaction (PPIs) analysis of proteins encoded by NBS-LRR genes of A. thaliana (A), O. sativa 
(B), Z. mays (C), G. max (D), and S. lycopersicum (E) using STRING v.12. Nodes represent proteins, with empty nodes indicating proteins for which the 3D 
structures are unknown, and filled nodes indicating proteins with known or predicted 3D structures. Connections between nodes represent interactions 
between proteins, with different colors indicating different types of interactions
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additional physio-chemical properties such as coding 
sequence (CDS) length, protein length, molecular weight, 
isoelectric point (pI), and subcellular localization with 
genome-wide analyses are comparable with those previ-
ously studied on cucumber [15], cabbage [52], and kiwi-
fruit [11]. From our study, most NBS-LRR proteins are 
hydrophilic and predominantly localized in the nucleus 

and cytoplasm, reflecting their functional roles. There-
fore, by leveraging physiochemical findings, researchers 
can design targeted experiments to unravel the complex 
roles of NBS-LRR genes in plant immunity studies.

The phylogenetic tree of NO-induced NBS-LRR genes 
with monocots and dicots underscores the potential for 
a distinct evolutionary pattern within the NBS-LRR gene 

Fig. 5 Prediction of the S-Nitrosylation sites. The putative S-nitrosylation active sites (magenta spheres) within the folding structure of NBS-LRR genes 
of A. thaliana (A), O. sativa (B), Z. mays (C), G. max (D), and S. lycopersicum (E) were predicted through using GPS-SNO 1.0 and visualized in PyMol 2.5.5
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Fig. 6 Expression patterns of NBS-LRR genes in the transcriptomic data and validation via qRT-PCR. CIRCOS plot showing a summary of the CysNO-
induced Arabidopsis leaf transcriptomic data (A). Of the 32,535 DEGs, a total of 29 NBS-LRR genes were recorded with 17 up-regulated (red text) and 
12 down-regulated (blue text) genes. Further, a total of 8 genes (4 each from up- and down-regulated DEGs) were selected for validation of their fold 
change in expression using qRT-PCR analysis (analysis was done by CFX Duet Real-Time PCR System using CFX Maestro 2.3 software) (B). These genes are 
associated with NBS-LRR groups involved in regulating plant immunity. The high correlation coefficient (R) of 0.97 indicates the statistically significant 
comparability between RNA-Seq and qRT-PCR results (correlation coefficient was done by MS Excel). Error bars represent the standard deviation, with 
each data point indicating the mean of three replicates
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family. Similarly, recent investigations on switchgrass 
[53] and grapevine [20] revealed the evolutionary conser-
vation of NBS-LRR genes. Moreover, our domain analy-
sis revealed that all NBS-LRR genes were characterized 
by NB-ARC superfamily, LRR, LRR_8, and TIR domains, 
with a notable prevalence of the PLN00113 superfamily 
domain in dicots, whereas monocots exhibited a higher 
abundance of the RX-CC_like domain (Fig.  1B). The 
PLN00113 superfamily and RX-CC_like domains within 
the NBS-LRR gene family interact with pathogen effec-
tors to trigger defense responses. However, they show 
species specificity, with PLN00113 found in dicots and 
RX-CC_like in monocots, which is corroborated with 
our results. Importantly, we identified the C-terminal 
jelly-roll/Ig-like domain (C-JID) exclusively in the Soly-
cl12g097010.1.1 gene. To our knowledge, this is the first 
documented instance of this domain in tomato, discov-
ered through genome-wide analysis. The C-JID is capable 
of recognizing pathogen effectors by making direct con-
tact with their surface and active-site residues [54]. Simi-
larly, Glyma.06g259800.2 displayed protein phosphatase 
1 regulatory subunit 42 (PPP1R42) domain, also known 
as leucine-rich repeat-containing protein 67 (LRRC67) 
or testis leucine-rich repeat (TLRR) protein, which is 
involved in centrosome separation. It has not been exten-
sively studied in plant immunity. Investigating PPP1R42 
in this context could reveal how regulatory subunits 
affect plant immune responses and pathogen interac-
tions, potentially uncovering new mechanisms of plant 
defense.

Structural analysis of NO-induced NBS-LRR genes 
in Arabidopsis highlights substantial diversity in exon/
intron arrangements, suggesting the evolution of novel 
specialized functions to better adapt to their environ-
ment. While approximately half of the Arabidopsis 
genes consist of both exons and introns, three of them 
lack introns entirely (Fig.  2A). Surprisingly, monocots 
exhibit a range of 0–3 exons, contrasting with the pat-
terns observed in Arabidopsis and dicots. This structural 
variation arises from three mechanisms: gain/loss of 
exons/introns, insertion/deletion trials, and exonization/
pseudo-exonization processes [55–57]. Consistent with 
our findings, previous research has also demonstrated 
variations in the number of exons and introns within 
NBS-LRR proteins in grapevine [20]. The number, posi-
tion, and length of exons and introns directly impact the 
3D folding structure of the proteins, ultimately affecting 
subsequent protein processing, including post-trans-
lational modifications. Promoter cis-acting elements 
are pivotal in regulating gene expression, especially 
in response to growth, hormonal, and environmental 
stresses [11, 15, 20]. Analysis of the upstream 1000  bp 
sequence of NO-induced NBS-LRR genes across Ara-
bidopsis, monocots, and dicots reveals a multitude of 

cis-acting elements linked to phytohormones, light, 
stress, and plant growth and development (Fig.  2B). 
Accompanying the disease resistance mechanisms, our 
selected NBS-LRR genes predominantly exhibit light 
responsiveness, followed by hormonal functions, under-
scoring their multifaceted roles. Specifically, NO-induced 
NBS-LRR genes of Arabidopsis highlight the presence of 
ABA and MeJA responsiveness elements, alongside a sig-
nificant abundance of anaerobic responsiveness elements 
(Supplementary Table 3), indicating diverse responses 
mediated by NBS-LRR genes through NO.

Analysis of conserved motifs in NO-induced NBS-LRR 
genes from A. thaliana, O. sativa, Z. mays, G. max, and 
S. lycopersicum revealed a total of 10 motifs containing 
TIR, NB-ARC, and LRR_3 domains (Fig.  3). However, 
certain motifs within the protein sequence were not rec-
ognized as domains through Pfam analysis. This discrep-
ancy may be attributed to genetic variations generated 
by natural selection in response to diverse environmen-
tal challenges. Further investigate the biological roles of 
the identified motifs, especially those not associated with 
known domains (motifs 2, 3, 9, and 10) that could deter-
mine their potential interactions with other proteins or 
nucleic acids to elucidate their functional significance. 
However, PPIs analysis of NO-induced NBS-LRR proteins 
in Arabidopsis through the STRING database revealed 
physical associations with related disease-related pro-
teins in the network, indicating strong interactions that 
underscore their role in plant defense against patho-
gens. The results also documented CHS1, known for its 
disease-resistance properties, also indicated its role in 
conferring cold stress resistance by mitigating chloro-
plast damage and cell death, signifying the multi-layered 
nature of the studied genes.

Subsequently, our aim was to investigate how post-
translational modification, especially S-Nitrosylation 
which involves the attachment of a NO group to cyste-
ine residues, can influence the functioning of crucial 
proteins within plant immune signaling pathways [39, 
58]. Accurately identifying S-Nitrosylated substrates and 
their specific sites is essential for elucidating the intri-
cate molecular mechanisms leading S-Nitrosylation. 
Therefore, we used GPS-SNO 1.0 software to predict the 
S-Nitrosylation sites in the studied NBS-LRR genes of 
A. thaliana, O. sativa, Z. mays, G. max, and S. lycopersi-
cum (Fig. 5; Supplementary Table 5). We have identified 
a significant number of S-nitrosylation sites within their 
protein sequences. This discovery offers valuable insights 
into the regulatory role of NO at the protein level in the 
respective species, as well as their post-translational 
modifications in response to pathogen attacks. However, 
it is important to mention that although homologous 
proteins have similar sequences, we found some dif-
ferences in their 3D folding structures (Supplementary 
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Fig.  1‒5). However, though homologous proteins share 
a common evolutionary origin and often have similar 
sequences, variations in their amino acid sequences can 
lead to differences in their three-dimensional structures. 
These structural differences may result in variations 
in their functions, even though they may still perform 
related roles within the cell. This phenomenon is gener-
ally called divergent evolution, where proteins evolve 
different structures and functions from a common ances-
tor. It is a fascinating area of study because it highlights 
the versatility and adaptability of the NBS-LRR proteins 
in response to different evolutionary pressures. Further-
more, the fold changes of both qRT-PCR and RNA-Seq 
results dignify their participants in the plant’s defense 
mechanisms. The comprehensive bioinformatic analyses 
conducted on the NBS-LRR genes have provided valu-
able insights into the molecular mechanisms underlying 
plant immunity.

Conclusions
This study comprehensively analyzed 29 NO-induced 
NBS-LRR gene of A. thaliana including twenty-seven 
NBS-LRR genes of O. sativa, Z. mays, G. max, and S. 
lycopersicum. Physio-chemical characterization of these 
genes provides detailed information about their position, 
structure, and roles, which is crucial for understand-
ing their function in protein formation. The selected 
NBS-LRR genes have light, hormonal, stress and growth 
responsive cis-elements in their promoter region. Addi-
tionally, numerous S-Nitrosylation sites were identified, 
suggesting NO’s regulatory role and post-translational 
modifications in response to pathogens that might be 
prone to future challenges discovering the molecular 
functions. In a nutshell, the pathogen-responsive NBS-
LRR genes identified in this study hold promise as can-
didate genes for engineering pathogen resistance in the 
respective species.

Materials and methods
NBS-LRR sequence extraction and characterization
Hussain, et al. [59] conducted a comprehensive analy-
sis of the A. thaliana leaf transcriptome in response 
to nitric oxide and elucidated distinct molecular path-
ways that regulate plant responses to abiotic and biotic 
stresses. Using three replicates each of control and 
1mM S-nitrosocysteine (CysNO)-infiltrated Arabidop-
sis accession Col-0 leaf samples at the rosette stage, they 
sequenced 84 to 91 million reads, resulting in the identi-
fication of 32,535 genes and 55,682 transcripts. Following 
this, we identified twenty-nine (29) nitric oxide-induced 
NBS-LRR transcripts from the transcriptomic data-
set and retrieved their respective genomic informa-
tion and sequences from the TAIR database (https://
www.Arabidopsis.org/, accessed on 06 December 2023). 

Furthermore, the NBS-LRR related genes and their 
genomic data from rice (Oryza sativa), maize (Zea 
mays), soybean (Glycine max), and tomato (Solanum 
lycopersicum) were collected from the respective data-
bases; Rice Genome Annotation Project (http://rice.uga.
edu/), Gramene (https://www.gramene.org/), Soybase 
(https://www.soybase.org/), and Phytozome 13 (https://
phytozome-next.jgi.doe.gov/), respectively (Accessed 
on 06 December 2023). Gene sequences were mined 
using “NBS-LRR” as a keyword and via BLAST. Subse-
quently, motifs were identified via https://www.genome.
jp/tools/motif/, (accessed on 06 December 2023) to ver-
ify the presence of the NBS-LRR motif in the identified 
sequences for further analysis. Various physicochemical 
properties of the retrieved protein sequences, such as the 
Protein Molecular Weight (kDa), theoretical isoelectric 
point (pI), and grand average of hydropathicity (GRAVY) 
were determined using the ExPASy database (https://
web.expasy.org/protparam/ accessed on 07 December 
2023). CELLO v.2.5: subCELlular Localization predictor 
(http://cello.life.nctu.edu.tw/ accessed on 07 December 
2023) was used to predict the subcellular localization of 
NBS-LRR proteins based on significant reliability.

Phylogenetic tree and conserved domains
Phylogenetic analysis was performed for the NBS-LRR 
genes of A. thaliana, O. sativa, Z. mays, G. max, and 
S. lycopersicum. Sequences were aligned via multiple 
sequence alignments (MSA) using the MUSCLE algo-
rithm within the MEGA X 10.1.8 program [60, 61]. Next, 
we employed the Maximum Likelihood method to build 
phylogenetic trees with 1000 bootstrap replicates to 
assess the robustness of the tree topology [62]. The anal-
ysis was based on mRNA sequences, ensuring a more 
accurate representation of the evolutionary relationships 
among the NBS-LRR genes of the various plant species 
under study. This approach enhances the reliability of the 
phylogenetic inference, providing valuable insights into 
the evolutionary divergence and relationships of NBS-
LRR genes across these plant species. We further charac-
terized the protein sequences by identifying the domain 
type and precise positions of the NBS-LRR domains. 
This analysis was conducted using the NCBI Conserved 
Domain Database (https://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi) (accessed on 08 December 2023) 
[63]. To enhance the interpretation of the results, we 
employed TBtools-II v2.102 [64], a bio-sequence struc-
ture illustrator, for visualizing the identified domains.

Analysis of gene structure, cis-regulatory elements, and 
conserved motifs
The Gene Structure Display Server 2.0 [65] (accessed 
on 22 December 2023) was used to elucidate the gene 
structure of NBS-LRRs genes [65]. Furthermore, for 
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each NBS-LRR gene in A. thaliana, O. sativa, Z. mays, 
G. max, and S. lycopersicum, a 1000-base pair nucleotide 
sequence (Up-stream of the start codon) of the 5`UTR 
was extracted. These sequences were subsequently uti-
lized as query sequences in the PlantCARE database [66] 
(accessed on 22 December 2023) for the identification 
of potential cis-regulatory elements, finally combined 
according to their role in the hormonal, stress, and devel-
opmental responses. To find the conserved motifs in the 
NBS-LRR proteins, Multiple EM for motif elicitation 
(MEME) (accessed on 22 December 2023) was utilized 
[67]. The maximum number of motifs was selected as 10, 
and the other parameters were left as default.

Protein-protein interaction and prediction of 
S-nitrosylation site
To explore protein-protein interactions (PPIs) among 
the 56 NBS-LRR related proteins identified in A. thali-
ana, O. sativa, Z. mays, G. max, and S. lycopersicum, an 
in-silico PPI network was predicted using the STRING 
v.12 (accessed on 28 December 2023), a web tool for Pro-
tein-Protein Interaction Networks analysis [68]. Besides, 
we used GPS-SNO 1.0 software to predict and identify 
cysteine residues that could be the target of NO-based 
modification via S-Nitrosylation [69]. GPS-SNO 1.0 
has demonstrated its efficiency and speed in predicting 
S-Nitrosylation sites, achieving an accuracy of 75.80%, a 
specificity of 53.57%, and a sensitivity of 80.14%. Alpha-
Fold protein structure files were downloaded from the 
protein database as PDB files and imported to the pro-
tein visualization and analysis software Pymol 2.5.5 [70] 
where they were further analyzed.

CIRCOS plot and gene expression patterns
CIRCOS plot was drawn using TBtools [64] to show a 
summary of the previous transcriptomic data set with 
special emphasis on the A. thaliana 29 NBS-LRR genes, 
their location, before and after-treatment FPKM values, 
and changes in expression via an integrated heatmap. 
Real-time quantitative PCR was performed for selected 
NBS-LRR genes as described by Hussain et al. [59]. 
Primer sequences can be found in Supplementary Table 
6. PCR reactions were performed with three biological 
replicates with actin (ACT2), and a no-template control 
reaction was used as internal comparative controls. The 
qRT-PCR results were statistically compared with the 
transcriptomic data that displayed in Supplementary 
Table 7.
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