
Vol.:(0123456789)1 3

Functional & Integrative Genomics (2023) 23:7 
https://doi.org/10.1007/s10142-022-00925-w

ORIGINAL ARTICLE

Genome‑wide identification, characterization, and evolutionary 
analysis of NBS genes and their association with disease resistance 
in Musa spp.

Anuradha Chelliah1  · Chandrasekar Arumugam1 · Backiyarani Suthanthiram1 · Thangavelu Raman1 · 
Uma Subbaraya1

Received: 9 September 2022 / Revised: 1 November 2022 / Accepted: 15 November 2022 / Published online: 20 December 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Banana is an important food crop that is susceptible to a wide range of pests and diseases that can reduce yield and qual-
ity. The primary objective of banana breeding programs is to increase disease resistance, which requires the identification 
of resistance (R) genes. Despite the fact that resistant sources have been identified in bananas, the genes, particularly the 
nucleotide-binding site (NBS) family, which play an important role in protecting plants against pathogens, have received little 
attention. As a result, this study included a thorough examination of the NBS disease resistance gene family’s classification, 
phylogenetic analysis, genome organization, evolution, cis-elements, differential expression, regulation by microRNAs, and 
protein–protein interaction. A total of 116 and 43 putative NBS genes from M. acuminata and M. balbisiana, respectively, 
were identified and characterized, and were classified into seven sub-families. Structural analysis of NBS genes revealed 
the presence of signal peptides, their sub-cellular localization, molecular weight and pI. Eight commonly conserved motifs 
were found, and NBS genes were unevenly distributed across multiple chromosomes, with the majority of NBS genes being 
located in chr3 and chr1 of the A and B genomes, respectively. Tandem duplication occurrences have helped bananas’ NBS 
genes spread throughout evolution. Transcriptome analysis of NBS genes revealed significant differences in expression 
between resistant and susceptible cultivars of fusarium wilt, eumusae leaf spot, root lesion nematode, and drought, imply-
ing that they can be used as candidate resistant genes. Ninety miRNAs were discovered to have targets in 104 NBS genes 
from the A genome, providing important insights into NBS gene expression regulation. Overall, this study offers a valuable 
genomic resource and understanding of the function and evolution of NBS genes in relation to rapidly evolving pathogens, 
as well as providing breeders with selection targets for fast-tracking breeding of banana varieties with more durable resist-
ance to pathogens.
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Abbreviations
NBS  Nucleotide-binding site
PTI  Pathogen-triggered immunity
ETI  Effector-triggered immunity
SAR  Systemic acquired resistance

PAMPs  Pathogen-associated molecular patterns
PRRs  Pattern recognition receptors

Introduction

Being sessile, plants are constantly exposed to a variety 
of pathogens, which has prompted the evolution of strong 
immune systems and intricate defense mechanisms includ-
ing pathogen-associated molecular pattern-triggered immu-
nity (PTI) and effector-triggered immunity (ETI) to detect 
and combat pathogens (Zhang et al. 2014; Yu et al. 2017). 
Upon local induction, PTI and ETI cause systemic acquired 
resistance (SAR) (Fu and Dong 2013). The PTI is the first 
line of inducible defense in the plant, and it is activated by 
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highly conserved pathogen-associated molecular patterns 
(PAMPs) found in pathogens. Pattern recognition recep-
tors (PRRs) such as transmembrane receptor-like kinases 
(RLKs) or receptor-like proteins (RLPs) present in the 
plasma membrane recognize PAMPs and send downstream 
immune signaling. The second layer of inducible defense is 
the ETI, which is triggered by the resistant (R) genes upon 
recognition of the effector molecules, i.e., the genes that 
confer pathogen virulence (Avr), and this interaction typi-
cally results in the hypersensitive response (HR), a sort of 
programmed cell death (PCD), which stops the pathogen’s 
growth (Cui et al. 2015). Due to the emergence of new 
virulent strains, pathogens often manage to overcome ETI 
resistance (Yu et al. 2014). Therefore, identifying R genes 
is essential for comprehending the molecular basis of resist-
ance and creating resistant cultivars.

Currently, more than 300 R genes that confer resistance to 
various diseases have been cloned from various plant species 
(Yang and Wang 2016; Kourelis and van der Hoorn 2018). 
According to their domains, R genes can be divided into five 
groups, with the nucleotide-binding site leucine-rich repeat 
(NBS-LRR) class accounting for more than 60% of all char-
acterized R genes (Kourelis and van der Hoorn 2018). They 
identify the avirulence proteins from the pathogens either 
directly or via the Guard model, and this family of R genes 
encodes a variable domain at the N terminal, a central NBS 
domain, and an LRR domain at the C terminal end (Collier 
and Moffett 2009; Dangl and Jones 2001) .

Based on structural characteristics at the N terminal end, 
the NBS-LRR family of genes has further divided into three 
main subclasses. These include the TIR-NBS-LRR (TNL) 
proteins, which have a domain that resembles the intracel-
lular signaling domains of Drosophila Toll and mammalian 
IL-1 receptors, the CC-NBS-LRR (CNL) proteins, which 
contain a putative coiled-coil domain, and the RPW8-NBS-
LRR (RNL) proteins harbor resistance to powdery mildew8 
(RPW8) domains (Shao et al. 2016). TNLs are solely found 
in dicots, but CNL and RNL are found in both monocots 
and dicots (Shao et al. 2016). The NBS domain binds to 
ATP/GTP and performs the hydrolysis reaction, supplying 
energy for downstream signaling, whereas the C terminal 
LRR domain is involved in pathogen recognition and pro-
tein–protein interaction (Goyal et al. 2020). This class of 
genes primarily operates in disease resistance following 
pathogen detection, which initiates downstream cascades 
that result in a variety of defense responses, including HRs 
and PCD (Guo et al. 2011).

NBS-LRR genes evolved early in the plant lineage, and 
due to the ongoing arms race between pathogens and plants, 
plants maintain a large number of R genes in their genome 
(Gu et al. 2015; Li et al. 2016; Shao et al. 2019). Genomic 
and evolutionary studies have provided a detailed and accu-
rate understanding of how functional R genes evolved and 

were preserved. NBS-LRR genes are mostly involved in 
defense responses, but ADR1, an Arabidopsis CC-NBS-
LRR, and At5g17880, an Arabidopsis TIR-NBS-LRR, have 
been linked to drought tolerance (Chini et al. 2004) and pho-
tomorphogenic development, respectively (Faigón-Soverna 
et  al. 2006). NBS-LRR genome-wide analyses in many 
monocots and dicots have yielded a wealth of information 
on the structure and function of this gene family (Meyers 
et al. 1999, 2003; Bai et al. 2002; Mondragon-Palomino 
et al. 2002; Baumgarten et al. 2003; Ayliffe and Lagudah 
2004; Zhou et al. 2004; Ameline-Torregrosa et al. 2008).

Banana is a major food crop in many developing coun-
tries, but it is susceptible to a variety of biotic (Fusarium 
wilt, leaf spot, bacterial wilt, bunchy top virus disease, 
weevils, and nematodes) and abiotic (salinity and drought) 
stresses that limit its production (Nansamba et al. 2020). 
To reduce the impact of these stresses, it is necessary to 
identify resistance genes and use novel transgenic strate-
gies to develop improved banana cultivars. Furthermore, 
understanding genetic variations in NBS-LRR genes and 
the number of conserved genes in bananas will greatly aid 
in estimating the genetic diversity of R genes available in 
Musa species (Yang et al. 2006). In addition, studies on the 
genomic evaluation and evolutionary patterns of R genes 
will result in a better understanding of the basis of resistance 
and susceptibility, leading to the identification of functional 
R genes in bananas. As a result, there is a need for system-
atic evaluation of NBS genes from bananas, and with the 
availability of complete genome sequences (D'Hont et al. 
2012; Wang et al. 2019), characterization is much needed 
to elucidate the diverse molecular mechanisms underlying 
host–pathogen interaction, as well as for mapping and clon-
ing of R genes, which will help with the mining and exploi-
tation of R genes for developing improved resistant varieties.

Materials and methods

Identification of NBS gene family members 
in banana

To create a local protein database, NBS gene and protein 
sequences were downloaded from the banana genome hub 
database (https:// banana- genome- hub. south green. fr/) for 
both the A and B genomes. NBS-encoding genes were 
identified, and motif architecture was investigated using a 
method similar to that used in Oryza sativa L. var. Nippon-
bare, Arabidopsis thaliana, and Brachypodium distachyon 
(Meyers et al. 2003; Zhou et al. 2004; Tan and Wu 2012). A 
reiterative process was used to identify NBS gene sequences 
from both the A and B genomes of bananas. The Hidden 
Markov Model (HMM) (Eddy 1998) was used to choose 
candidate NBS genes from the entire set of predicted M. 

https://banana-genome-hub.southgreen.fr/
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acuminata (DH Pahang) and M. balbisiana (DH PKW) pro-
teins with NBS motifs, as well as the Pfam database for 
NBS domain (PF00931; http:// pfam. sanger. ac. uk/ search). 
BLASTP searches in NCBI (Altschul et al. 1990) were used 
to compare the sequences of the predicted NBS-containing 
proteins to the non-redundant (nr) database (the threshold 
expectation value was set to  1e−10), allowing the identifica-
tion of regular and non-regular NBS genes. NBS encod-
ing genes were classified into sub-groups based on domain 
information from the NCBI conserved domain database 
(CDD) (Tan and Wu 2012) . The genome IDs of NBS genes 
were arranged according to their chromosomal location, 
from Chr01 to Chr11 (Supplementary Data: 1a, 1b).

Phylogenetic tree construction

Using the CLUSTALW tool in the BioEdit sequence align-
ment editor version 7.0.3.1, NBS gene sequences from both 
genomes were aligned (Hall 1999). Multiple sequence align-
ments were performed using MUSCLE v.3.8.31 with default 
parameters to examine the evolutionary relationships of NBS 
between Musa (A, B genome), O. sativa, and A. thaliana, 
and MEGA X was used to create a maximum likelihood 
(ML) phylogenetic tree using all sites with bootstrap analysis 
(1000 replicates) (Kumar et al. 2018).

Gene structure, cis‑regulatory elements, 
and genomic distribution of NBSgenes

The Bio-sequence Structure Illustrator application of the 
TBtools software version 1.077 was used to illustrate the 
exon–intron structure of NBS genes (Chen et al. 2020). The 
MEME tool (http:// meme- suite. org/ tools/ meme) was used 
to identify conserved motifs with the default parameter set-
tings: maximum number of motifs = 20, and the results were 
displayed by TBtools. Using TBtools, each NBS gene was 
assigned to a chromosome based on its location on the Musa 
A and B genomes. We utilized the TBtools Quick MCS-
canX Wrapper program to find the tandem and segmental 
duplication gene pairs. PlantCARE (http:// bioin forma tics. 
psb. ugent. be/ webto ols/ plant care/ html/) was used to inves-
tigate the upstream sequences (2 kb) of each NBS gene to 
determine the expected cis-regulatory elements.

Synteny and gene duplication analysis

Using the default settings of MCScanX (Wang et al. 2012), 
duplication events of NBS genes were examined. On the 
basis of details regarding collinear pairs and genetic location 
for both Musa A and B genomes, advanced Circos was uti-
lized to produce diagrams for collinear analysis (Chen et al., 
2020). Using TBtools, a multiple synteny plot was created 

between the Musa A and B genomes and the O. sativa and 
A. thaliana species.

Ka/Ks analysis and estimated divergence time 
for the duplicated Musa NBS genes

Using the PAML tool (Yn00 package), the non-synonymous 
substitution rate and synonymous replacement rate of gene 
duplication events were calculated (Xu and Yang 2013) . 
The approximate date of the duplication time (T) (million 
years ago, Mya) was calculated using the Ks values for each 
gene pair because Ks of duplication genes are expected 
to be similar over time in a molecular clock (Shiu et al. 
2004), using the formula: T = Ks/2λ*10−6, where λ = clock-
like substitution rate (Lynch and Conery 2000) and λ for 
banana = 4.5 ×  10−9 (Lescot et al. 2008).

Expression analysis of NBS genes

The differential expression (DE) value  (log2fold change) of 
each NBS gene under Pseudocercospora eumusae, Pratylen-
chus coffeae, and drought stress conditions in the corre-
sponding contrasting cultivars was obtained from the data-
base maintained at ICAR-NRCB (http:// nrcb. res. in/ nrcbb io/ 
about. html), along with Fusarium oxysporum f.sp. cubense, 
(Foc) race1 (VCG 0124), and Foc tropical race 4 (TR4) DE 
values. In order to create a heat map, TBtools employed the 
significant log2fold change values of the variously expressed 
NBS genes.

Plant materials and stress treatments

Three-month-old healthy tissue cultured Foc race1 (VCG 
0124) (Thangavelu et al. 2021) resistant (cv. Rose, AA) and 
susceptible cultivars (Namarai, AA) and Foc TR4 resistant 
(cv. Rose, AA) and susceptible cultivars (Matti, AA) were 
individually planted in the pots containing a pasteurized pot-
ting mixture and maintained in a greenhouse at 25 °C with 
a 12-h photoperiod. Separately, 30 g of Foc race1 and TR4 
fungal mixtures were inoculated around the root zone of 
the respective contrasting genotypes at 2–3 cm below the 
soil surface. Root and corm samples were collected from 
Foc inoculated plants on the 0th, 2nd, 4th, 6th, and 8th after 
inoculation. Leaf and root samples were collected and snap 
frozen in liquid nitrogen before being stored at − 80 °C until 
use.

Regulation by microRNAs

M. acuminata miRNAs were retrieved from the Prediction 
miRNA site (PmiREN2.0:https:// www. pmiren. com/) as 
miRNAs from Musa spp. were not found in mirBase. The 
downloaded mature miRNAs and the NBS CDS of both the 

http://pfam.sanger.ac.uk/search
http://meme-suite.org/tools/meme
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://nrcb.res.in/nrcbbio/about.html
http://nrcb.res.in/nrcbbio/about.html
https://www.pmiren.com/
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genome were submitted to identify the targets from psRNA-
Target: A Plant Small RNA Target Analysis Server using 
default search parameters after selecting the option “submit 
small RNAs and targets” (https:// www. zhaol ab. org/ psRNA 
Target/).

Gene Ontology classification

The functional annotation of the NBS proteins from Musa 
spp. was investigated using the Gene Ontology Functional 
Annotation Tool Blast2GO version 3.3.5 (https:// www. blast 
2go. com/ blast 2go- pro) (Conesa et al. 2005) . BLASTP was 
used for the annotation with default setup parameters and 
an E-value filter of ≤  10−5 against the NCBI non-redundant 
(nr) protein database. GO terms associated with each of the 
hits were examined based on their molecular functions, bio-
logical processes, and cellular localization to illustrate the 
potential functions of our genes.

Interaction network of NBS proteins

Using STRING v11.0 for NBS-LRR, protein–protein inter-
action (PPI) was investigated, and a PPI network was built 
using A. thaliana as a reference (Szklarczyk et al. 2019). 
The medium confidence level was chosen for the minimum 
needed interaction score parameters.

Results and discussion

NBS genes are the largest R gene family in the plant genome, 
and they play an important role in pathogen response. A 
comprehensive analysis of NBS-encoding genes across 
the entire banana genome (A and B) was performed in this 
study, providing an opportunity to mine and use these in 
disease resistance breeding.

Identification and features of NBS genes

Musa A and B genomes contained 116 and 43 NBS genes, 
respectively, and the number of R genes was lower than that 
of A. thaliana (174), rice (636), B. distachyon (239), Zea 
mays (129), Sorghum bicolor (245), Grapevine (535), and 
Popular (416) (Table 1). This demonstrates that the total 
number of NBS genes is not related to genome expansion, 
and one possible explanation for the lower number of genes 
in Musa species could be transposable elements that cause 
pseudogenization of the NBS genes, resulting in gene loss 
(Li et al. 2010a). Moreover, the number of NBS genes in the 
B genome is significantly lower than that of the A genome, 
and similar findings have been reported in orchids (Zhang 
et al. 2016) and in the three Cucurbitaceae species Cucumis 
sativus, C. melo, and Citrullus lanatus, particularly in Ci 

lanatus, where only 45 genes have been reported (Lin et al. 
2013). This could be due to stringent gene loss or to a lim-
ited number of gene duplication and diploidization events 
that occurred extensively in the B genome following whole 
genome duplication (WGD) events in the Musa lineage 
(Wang et al. 2019; Zhang et al. 2016). Alternatively, the 
threefold difference in the number of NBS genes between the 
A and B genomes could be explained by the recent expan-
sion of NBS genes in the A genome. Similar intra-species 
variation events have also been observed in the potato and 
tomato (Qian et al. 2017), as well as in Oryza, Glycine, and 
Gossypium (Zhang et al. 2010).

In addition, Li et al. (2010a) reported that gene gain and 
loss events cause inconsistency, resulting in a shrinking pat-
tern of NBS genes in Asian rice, maize, S. bicolor, and B. 
distachyon. Gene family expansion and contraction studies 
between M. acuminate and M. balbisina revealed that 83 
gene families, including those involved in plant-pathogen 
interaction, notably expanded in the A genome, while they 
significantly contracted in the B genome (Wang et al. 2019). 
Similarly, varied evolutionary patterns have been reported, 
like the NBS genes in Fabaceae and Rosaceae families were 
continuously expanding (Shao et al. 2014; Jia et al. 2015), 
but in Brassicaceae family, the genes were expanding then 
contracting (Zhang et al. 2016). In the Solanaceae family, 
genes showed shrinking and consistent expanding patterns 
in pepper and potato, respectively, and first expanding and 
then shrinking in tomatoes (Qian et al. 2017).

Furthermore, NBS genes were classified as regular if the 
aligned region shared ≥ 50% identity with the nr database, 
and non-regular for the remaining hits. Contrary to regu-
lar genes, non-regular genes have short motif lengths and 
diverse motifs despite harboring NBS structure (Tan and 
Wu 2012). By comparing with the nr database, 38 and 13 
hits were defined as regular NBS genes, primarily show-
ing ≥ 50% identity with the subject sequence of the nr data-
base, and the remaining hits, 78 and 30, were defined as 
non-regular NBS encoding genes from the banana A and 
B genomes, respectively. Similar to this, not all of the dis-
covered NBS genes from plants such as rice, B. distachyon, 
tomatoes, potatoes, peppers, and orchids have all of the 
domains intact, which could be the result of recombination, 
fusion, and pseudogenization (Zhou et al. 2004; Tan and Wu 
2012; Qian et al. 2017; Xue et al. 2020). Given that their 
genomes have been thoroughly sequenced and annotated, 
rice and Arabidopsis have less truncated genes than both 
the genomes of Musa spp (Meyers et al. 2003; Zhang et al. 
2016; Xue et al. 2020).

In a prior work, Chang et al. (2020) reported 98 NBS-
LRR genes in M. acuminata, whereas we have reported 116 
genes (Anuradha et al. 2022a) which could be due to strin-
gent criteria followed and the use of the HMM model, and 
similar results have been reported in case of A. lyrata and 

https://www.zhaolab.org/psRNATarget/
https://www.zhaolab.org/psRNATarget/
https://www.blast2go.com/blast2go-pro
https://www.blast2go.com/blast2go-pro
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B. distachyon (Guo et al. 2011; Tan and Wu 2012). NBS 
protein family typically contains two major subfamilies toll/
interleukin-1 receptor-NBS-LRR (TNL) and coiled-coil 
NBS-LRR genes, out of 38 and 13 regular NBS genes, 24 
and 5 were NBS-LRR types of which 21, 3 were CC-NBS-
LRRs, having all the domains and 3, 2 were NBS-LRRs 
without coiled-coil motif (CC) from A and B genomes, 
respectively. Further, among the regular NBS genes, 5 and 3 
were CC-NBSs lacking LRR domains, 2 and 3 were X-NBS, 
where X is an unknown motif, and, 7 and 2 had only NBS 
in the A and B genomes, respectively (Supplementary data: 
1a, 1b). Many crops including rice, B. distachyon, maize, 
sorghum, Arabidopsis, C. sativus, grapevine, popular, cab-
bage have a similar grouping of NBS genes (Li et al. 2010a; 
Guo et al. 2011; Wan et al. 2013; Goyal et al. 2020; Liu et al. 
2021a, b). Furthermore, banana being a monocot, there are 
no TNL groups of NBS-LRR, which are usually present in 
dicots, and reports of TIR in monocots are scarce (Li et al. 
2010b; Pan et al. 2000).

In the A and B genomes, the length of NBS family pro-
teins varied from 51 to 2275 and 118 to 2254 amino acids 
(aa), respectively. The molecular weight of these proteins 
ranged from 5.78 to 258.01 kDa in the A genome and 12.79 
to 255.59 kDa in the B genome. The isoelectric point (pI) 
of NBS proteins ranged from 5.55 to 9.88 and 4.82 to 9.56 
in the A and B genomes, respectively. Out of 116 and 43 
proteins from A and B genomes, only 23 and 6 had sig-
nal peptides and the signal peptide of NBS family mem-
bers ranged from 16 to 31aa and 17 to 54aa in the A and B 
genomes, respectively (Supplementary data: 1a, 1b). The 
signal peptides had mitochondrial and chloroplast targeted 
peptides that are targeted to mitochondrion and chloroplast, 
respectively, and some proteins may be localized in the 
secretory pathway. Similar findings have been reported on 
protein length, molecular weight, and isoelectric point of 
NBS of grapevine and cabbage (Goyal et al. 2020; Liu et al. 
2021a, b).

Phylogenetic analysis

A phylogenetic analysis of 159 NBS genes, including regular 
and non-regular genes, was constructed to investigate the 
evolutional relationship between all of the identified NBS 
genes from both banana genomes (Fig. 1). The tree showed 
the clustering of CNL, CN, XNL, XN, XL and N separately 
and TIR motif harboring NBS genes as an out-group. There 
were few mixtures of other classes of genes in many of the 
clusters, indicating that they are co-evolving or that genetic 
material is being exchanged between the genes (Yang and 
Wang 2016). Further, most NBS genes on the same chro-
mosome as well as those having high sequence similarity 
and similar motifs were grouped in the same clades except 
for a few genes which showed that tandem duplication has 

occurred (Guo et al. 2011; Wan et al. 2013; Mace et al. 
2014; Yang and Wang 2016; Chang et al. 2020). None of the 
banana NBS genes clustered with Arabidopsis TNL genes, 
indicating that TIR motifs are absent in monocots (Meyers 
et al. 2002; Richly et al. 2002; Tan and Wu 2012; Chang 
et al. 2020). Representative NBS genes from Arabidopsis, 
rice and Brachipodium were found to cluster in different 
clades, which may be due to species differences because of 
the loose functional domain structures of the CC domain, 
NBS, and LRRs (Liu et al. 2021a, b).

Gene structure, conserved protein motifs

The structural evolution of the NBS gene family will be 
better understood as a result of gene structure research. 
Both genomes have similar gene structures with few varia-
tions, which is common in many functional genes (Lescot 
et al. 2008; Wang et al. 2019). Most of the genes, i.e., 21 
and 35 from regular and non-regular NBS genes of the A 
genome and 6 and 11 from regular and non-regular genes of 
the B genome had no introns, and 42, 11 genes had single 
exon from A and B genomes, respectively (Supplementary 
Fig. 1a, 1b, 1c, 1d). A total of 6, 12 from regular and non-
regular NBS genes of the A genome and 2, 11 from regular 
and non-regular NBS genes of the B genome had more than 
two introns. Meyers et al. (2003) reported lesser diversity 
in exon number and most of the CNLs to have only one 
exon. In general, NBS genes have fewer introns and are 
not conserved, and our findings are consistent with NBS 
genes from other crops (Meyers et al. 2003; Mun et al. 2009; 
Lozano et al. 2015; Shao et al. 2016; Chang et al. 2020; Liu 
et al. 2021a, b; Goyal et al. 2020). Exon/intron gain, dele-
tions/insertions, and exonization/pseudo-exonization are the 
main causes of the variation in gene structure, which may 
contribute to enhanced gene expression (Roy and Gilbert 
2005; Long et al. 2013; Xu et al. 2012; Wan et al. 2013; Jo 
and Shim 2015; Goyal et al. 2020; Anuradha et al. 2022b). 
Furthermore, the majority of NBS genes with the same 
exon–intron organization clustered together, indicating a 
high degree of conservation throughout evolution (Chang 
et al. 2020; Liu et al. 2021a, b). In addition, the number of 
motifs increases with the number of exons, which is associ-
ated with gene length in both genomes (Yang and Wang 
2016), and similar results were also reported by Yu et al 
(2021).

NBS proteins in both the genomes were examined to see 
whether they shared any common motifs, and a total of 20 
motifs were discovered (Supplementary Fig. 1a, 1b, 1c, 1d). 
Motifs 1, 3, 7, and 13 were found in the NBS domain of 
all the genes, and motifs 4 and 8 were present only in one 
cluster of the regular genes whereas motifs 2, 4, 6, 8, 9, 
10 of the NBS domain were present in all the non-regular 
genes of A genome of banana. The most conserved motifs 
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are the P-loop, GLPL, Kinase-2, RNBS-A, RNBS-B, RNBS-
D, and MHDV, with the C1, P-loop, GLPL, Kinase-2 being 
the most common, and many have reported the presence of 
these motifs in the NBS genes (Meyers et al. 2003; Zhou 
et al. 2004; Tan and Wu 2012) (Supplementary data 2a, 2b). 
The motifs are highly conserved and ordered in the signaling 
NBS domains, whereas the LRR domain interacts with the 

pathogen, resulting in changes in the LRR binding specifici-
ties (Yu et al. 2021). Moreover, the members with similar 
motifs clustered together in the phylogenetic tree as well 
(Fig. 1; Supplementary Fig. 1). The P-Loop and Kinase-2 
motifs are involved in ATP/GTP binding and their high con-
servation is critical for protein function (Traut 1994; Meyers 
et al. 2003; Habachi-Houimli et al. 2018) and the presence 

Fig. 1  Phylogenetic analysis of NBS genes from Musa A, B genomes 
and representatives sequences from A. thaliana and O. sativa. Maxi-
mum likelihood phylogenetic tree was constructed by using MEGA X 

with 1000 bootstrap replications. Squares, circles, diamonds, triangles 
(pink), and triangles (blue) represent the NBS genes of Musa A, B, 
rice, Arabidopsis, Brachipodium, respectively
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of GLPL motif is essential for disease resistance (Dodds 
et al. 2001). Furthermore, the last amino acid of the kinase-2 
motif was W (tryptophan) and many have also reported the 
presence of W in non-TNL genes, and based on the presence 
of W/D as the last residue we could distinguish the type of 
NBS genes as Non-TNL/TNL (Meyers et al. 2003; Wan et al. 
2013; Die et al. 2018) (Supplementary data 2a, 2b).

Gene distribution, collinearity, and synteny analysis

NBS genes are unevenly distributed and exist as clusters, 
a region that contains four or more genes within 200 kb or 
less (Holub, 2001), across the chromosomes of both A and 
B genomes of bananas (Supplementary Fig. 2a, 2b, 2c, 2d) 
and similar findings have been reported for rice, Arabidop-
sis¸ grapevine, poplar, and Brachipodium (Richly et al. 2002; 
Meyers et al. 2003; Zhou et al. 2004; Yang et al. 2008; Tan 
and Wu 2012). The majority of NBS genes are found in clus-
ters, which serve as a reservoir of genetic variation for NBS 
genes via gene conversion, duplication, and diversifying selec-
tion (Meyers et al. 2005; Ameline-Torregrosa et al. 2008).

Regular NBS genes were distributed across all the 8 chro-
mosomes except for chr2, 5, 11 and were located in chr1, 4, 
7, and 8 in the A and B genomes, respectively, whereas non-
regular NBS genes were distributed across all the 11 chromo-
somes in A genome and in all chromosomes except for chr3, 
11 in B genome. A maximum number of regular NBS genes 
were found in chr3 (23 genes) and chr1 (10 genes) and non-
regular NBS genes were located in chr6, chr10 (13 genes), 
and chr6 (8 genes) of the A and B genomes, respectively. 
Gene duplication, uneven crossing over, ectopic recombi-
nation, gene conversion, and diversifying selection may all 
have contributed to the distribution of R genes (Friedman and 
Baker 2007; Yang et al. 2015a; Chang et al. 2020).

A total of two clusters (chr3) in regular and six clus-
ters (chr1, 3, 6, 7, 9, 10) in non-regular NBS genes were 
observed in the A genome, whereas in the B genome a single 
cluster (chr1) was observed. The clusters may be monophy-
letic (sequence with high sequence similarity and a close 
relationship) or mixed clusters (sequence with low sequence 
similarity and a diverged relationship). NBS genes in Musa 
spp. have monophyletic clusters in both regular (chr3, 6, 9 
and chr1) and non-regular genes (chr1, 3, 6, 7, 9 and chr1, 
6, 9) of the A and B genomes, respectively and mixed clus-
ters of genes (Supplementary data: 3a, 3b, 3c, 3d). NBS 
genes in monophyletic clusters are small and have higher 
sequence similarity than NBS genes in the mixed clusters, 
indicating that they evolved through different mechanisms. 
Most monophyletic clusters may have resulted from a local 
duplication event, which contributes to the gene diversifica-
tion and increase in the number, and the difference in num-
bers may also be attributed to the pressure exerted by the 
pathogens (Mace et al. 2014; Yang and Wang 2016) whereas 

mixed clusters may have resulted from ectopic recombina-
tion (Yang and Wang 2016). Eitas and Dangl (2010) discov-
ered that two NBS genes are involved in resistance, with the 
majority of them coming from clusters. Most NBS genes are 
clustered, but some are present as singletons on the chromo-
some, which could be due to gene loss by pseudogene for-
mation, or deletion or these genes may not have undergone 
local duplication (Zhang et al. 2014). These singletons may 
further act as trailblazers, resulting in the formation of new 
NBS regions and clusters.

Tandem duplication events were discovered in both 
banana genomes, resulting in the clustering of NBS genes 
on the chromosome (Fig. 2a–d). Tandem duplication events 
were found in chr1, 3 and chr1, 3, 4, 6, 7, 9, and 10 in the 
A genome’s regular and non-regular genes, respectively. 
In the case of the B genome, tandem duplication events 
were found in chr1 (regular genes) and chr6, 9 (non-regular 
genes), respectively. This demonstrates that tandem dupli-
cation events played a significant role in the expansion of 
the NBS genes in bananas and similar findings have been 
reported in many other crop species (Meyers et al. 2003; 
Li et al. 2010b; Kang et al. 2012; Wan et al. 2013; Shao 
et al. 2014; Yang and Wang 2016; Zhang et al. 2016, 2020; 
Qian et al. 2017; Chang et al. 2020; Liu et al. 2021a, b). 
Many studies have revealed that the evolution of most of 
the NBS genes falls under medium to high tandem dupli-
cation classes (Santamaria et al. 2001; Die et al. 2018). 
Further, the low number of duplication events in the B 
genome indicates a lack of recent duplication events, as 
well as contraction of gene families involved in plant–path-
ogen interactions following divergence from the A genome 
(Wang et al. 2019). The low number of genes and duplica-
tion events also revealed that these genes are sufficient for 
pathogen surveillance (Porter et al. 2009).

The synteny relationship of NBS genes from bananas 
was investigated to explore the evolutionary events that 
that occurred between the orthologous from O. sativa and 
A. thaliana (Fig. 3a). The results revealed that NBS genes 
from both banana genomes had homologous regions in rice 
and Arabidopsis but the degree of synteny was higher with 
rice than Arabidopsis, which could be due to whole genome 
duplication (WGD) even before Musa spp. diverged from 
poaceae, as well as due to the existence of microsynteny 
between Musa, rice and Arabidopsis followed by inde-
pendent cycles of WGD and diploidization (Lescot et al. 
2008; D'Hont et al. 2012). In addition, a high degree of 
orthologous relationship was observed between the A and 
B genomes of bananas, which might be attributed to a high 
degree of homology between the two genomes (Davey et al. 
2013) (Fig. 3b). Lescot et al. (2005, 2008) reported high 
level of microsynteny with gene order preservation in the 
genic regions between the two genomes. Wang et al. (2019) 
also reported greater genomic collinearity and sequence 
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similarity between the two genomes. However, the number 
of orthologous genes between the two banana genomes is 
lower, which could be due to less expansion and more con-
traction of the gene family in the B genome after divergence 
from the A genome (Liu et al. 2021a, b).

Cis‑elements

Cis-elements of promoters are crucial for gene regulation, 
and the types of the cis-elements indicate the gene’s poten-
tial function in response to the pathogens (Rushton et al. 
2002). Cis-elements were identified in the 2 kb promoter 
region of banana NBS genes (Supplementary data: 5a, 5b). 
Many cis-elements were identified from both the genomes 

Fig. 2  a, b Collinearity mapping of regular and non-regular NBS 
genes in Musa A genome. Different chromosomes are shown in yel-
low color. The gene density is displayed in the form of histogram. 
The inner colored lines represent the collinearity relationships of 
NBS families. c, d Collinearity mapping of regular and non-regular 

NBS genes in Musa B genome. Different chromosomes are shown 
in yellow color. The gene density is displayed in the form of histo-
gram. The inner colored lines represent the collinearity relationships 
of NBS families
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(Supplementary Fig. 3a, 3b, 3c, 3d) which were similar to 
the cis-elements identified from NBS genes of Brachipo-
dium, grapes, Chinese cabbage (Tan and Wu 2012; Goyal 
et al. 2020; Liu et al. 2021a, b). The NBS promoter regions 
contained cis-elements from various classes, including 
defense and stress-related, development-related, and hor-
mone-related elements, particularly salicylic acid-responsive 
elements, ethylene-responsive elements, methyl jasmonate 
responsive elements, and abscisic acid-responsive elements, 
indicating their extensive role in the resistance mechanism 
(Goyal et al. 2020) (Supplementary Fig. 4a, 4b).

Many of the NBS genes had defense and stress-related 
elements, wound and pathogen responsive elements like 
WUN-motif and W BOX, which are associated with WRKY 
transcription factors, and stress-responsive element GT-1 
box associated with GT-1-like transcription factors, respec-
tively resulting in induced expression upon pathogen infec-
tion (Dong et al. 2003; Goyal et al. 2020; Liu et al. 2021a, 
b) (Supplementary Fig. 5a, 5b, 5c, 5d). The binding of GT-1 
factors to the promoter’s GT-1 elements reduced TMV infec-
tion and influenced the expression of genes induced by SA 
(Buchel et al. 1999). WBOX is a distinctive disease-related 
element present in NBS genes as well as the upstream pro-
moter region of NPR1, a positive regulator of inducible plant 
disease resistance and PR1 (Yu et al, 2001; Rushton et al. 

1996) and most Arabidopsis and Brachipodium pathogen 
response genes (Li et al. 2004; Tan and Wu 2012). WRKY 
transcription factors bind specifically to WBOX elements 
of PR10 and also play a role in ABA and GA signaling 
(Eulgem et al. 2000; Zhang et al. 2004). Additionally, it was 
discovered that the NBS genes in both the banana genomes 
have an excess of regulatory regions linked to stress-related 
transcription factors like MADS, C2H2, MYB, HD-ZIP, 
WRKY, bHLH, ERF, and bZIP (Tan and Wu 2012; Goyal 
et al. 2020; Liu et al. 2021a, b). Overall, the various types 
and number of regulatory elements present in the promoter 
region of NBS genes indicate that these genes may be 
involved in the defense mechanism.

Ka/Ks analysis and estimated divergence time 
for the duplicated NBS genes

Positive selection drives host–pathogen co-evolution and 
selection for new resistance genes. The driving force behind 
gene duplication was examined using the non-synonymous 
(Ka) and synonymous (Ks) nucleotide substitution rates 
of the duplicated genes, and the Ka/Ks ratio was used to 
identify and quantify the direction and strength of selection 
(Habachi-Houimli et al. 2018). A total of 119 (53 in regular, 
66 in non-regular) and 20 (17 in regular, 3 in non-regular) 

Fig. 3  a Synteny analysis of NBS genes between Musa A genome, 
Musa B genome, A. thaliana, and O. sativa. The grey lines in the 
background indicate the collinear blocks within Musa A, B, A. thali-
ana, and Oryza sativa genomes, while the blue and red lines high-

light the syntenic NBS gene pairs. b Synteny analysis of NBS genes 
between Musa A and B genomes. The grey lines in the background 
indicate the collinear blocks within Musa A, B genomes, while the 
blue lines highlight the syntenic NBS gene pairs
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putative paralogous gene pairs were identified from A and 
B genomes, respectively (Supplementary data: 5a, 5b) and 
maximum number of paralogs was observed for non-regular 
genes in the case of the A genome and regular genes in the 
case of the B genome.

The analysis of selection pressure among the duplicated 
NBS genes in both genomes revealed that the genes were 
under purifying or negative selection, which could be due 
to a highly conserved NBS domain with strictly ordered 
motifs involved in signaling (Ka/Ks was less than one in 
each duplicated gene pair) (Mace et al. 2014). Moreover, 
many of the paralogous gene pairs that are under negative 
selection belong to the N, CN, and XN categories of genes 
and they lack the LRR region that is involved in pathogen-
ligand recognition and are highly variable because they typi-
cally evolve binding specificities and are subject to positive 
selection (Yoshimura et al. 1998; Mace et al. 2014; Yang 
and Wang 2016). Our findings are consistent with those of 
Andersen et al. (2016), Habachi-Houimli et al. (2018), and 
Li et al. (2016).

The average Ka/Ks ratio of NBS genes in a banana is 
much higher than in bread wheat and barley; this higher 
value, as well as the presence and absence of genes between 
the two genomes, indicate that NBS genes are rapidly evolv-
ing following natural ploidization and artificial selection 
expansion (Gu et al. 2015; Habachi-Houimli et al. 2018). 
Duplication events between gene pairs may have occurred 
as a result of negative selection, implying an expansion due 
to tandem duplication, indicating that this gene family is 
conserved and may not be quickly overcome by virulence 
evolution, and the natural diversity available in NBS genes is 
likely an important source of durable resistance (Santamaria 
et al. 2001; Cannon et al. 2004; Li et al. 2010b). However, 
evolutionary pressure may cause structural and functional 
variation within paralogs (Lan et al. 2009).

Based on the divergence rate of 4.5 ×  10–9 synonymous 
mutations per synonymous site year proposed for banana, 
the estimated time of occurrence of duplicated events of par-
alogous NBS gene pairs was calculated. Paralog duplication 
events may have occurred between 1.10 and 20.91 in regular 
NBS genes and 0.28 and 19.43 in non-regular NBS genes in 
the A genome, and between 6.13 and 21.09 in regular NBS 
genes and 8.43 and 21.10 in non-regular NBS genes in the 
B genome. Many pairs of duplication events were discov-
ered to have occurred lately in both banana genomes, which 
may have contributed to the evolution of various NBS gene 
functions.

Differential expression of NBS genes under various 
stress conditions

To investigate the potential biological functions of NBS 
genes, we examined the expression patterns of various NBS 

genes in bananas using challenged and unchallenged tran-
scriptome data from resistant and susceptible cultivars under 
various biotic and abiotic stress conditions (Fig. 4).

The results indicated that the NBS genes such as 
Macma4_03_g09360.1 (Ma03_g09130), Macma4_05_
g04110 (Ma05_g04000), Macma4_06_g00260.1 (Ma06_
g00230), Macma4_06_g00610.1 (Ma06_g00230), 
Macma4_10_g11850.1 (Ma10_g08140), Macma4_07_
g23010.1 (Ma07_g21730), Macma4_09_g02770.1 (Ma09_
g02710), Macma4_04_g35000.1 (Ma04_g32720) were 
significantly up-regulated in resistant (cv. Rose, AA) than 
susceptible cultivars (Matti, AA) upon Foc TR4 infection. 
NBS genes such as Macma4_03_g10980.1 (Ma03_g10480), 
Macma4_06_g25530.1 (Ma06_g23910), Macma4_10_
g11840.1 (Ma10_g08250), Macma4_03_g09360.1 (Ma03_
g09130) showed significant up-regulation in resistant (cv. 
Rose, AA) than susceptible cultivars (Namarai, AA) upon 
Foc race1 infection. Despite the fact that Macma4_03_
g09360.1 (Ma03_g09130) showed higher expression in 
resistant cultivars upon both the Foc races, significant up-
regulation was observed upon Foc TR4 rather than race1. 
Different NBS genes responded to Foc race1 and TR4 infec-
tion, implying the involvement of race-specific pathogen 
effectors and furthermore, NBS genes confer race-specific 
resistance, confirming the gene for gene hypothesis (Jones 
and Dangl 2006; Chen et  al. 2018). Peraza-Echeverria 
et al. (2008) identified NBS-type resistance gene candi-
dates, RGC1-5 (Macma4_08_g32130.1, Macma4_03_
g09360.1, Macma4_04_g37480.1, Macma4_03_g 10,980.1, 
Macma4_06_g38310.1) from Foc TR4 resistant wild 
banana, M. acuminata ssp. malaccensis. Among these 
five genes, RGC2 (Macma4_03_g09360.1) and RGC5 
(Macma4_06_g38310.1) were compared with I2, and the 
expression of RCG2 correlated with resistance to Foc STR4 
(Peraza-Echeverria et al. 2009). Sutanto et al. (2014) iso-
lated RGAs from three fusarium-resistant banana cultivars 
and identified that MNBS17 which shared 50.5% identity 
with RGC2 (ABY75802), an NBS gene associated with Foc 
TR4 resistance in bananas. The above finding shows that 
Macma4_03_g09360.1 is up-regulated upon Foc infection 
which corroborates with our results. Dale et al. (2017) also 
reported transgenic Cavendish lines transformed with RGC2 
and its expression strongly correlated with resistance to Foc 
TR4. Miller et al. (2008) reported significant up-regulation 
of Macma4_04_g35000.1 (Ma04_g32720) upon TR4 infec-
tion. Macma4_03_g10980.1 was found to be significantly 
up-regulated in resistant cultivars upon Foc race1 (Peraza-
Echeverria et al. 2008). Chang et al. (2020) found that the 
genes Ma09_g12410, Ma07_g22920, and Ma09_g08180, 
Ma07_g22920 were significantly up-regulated in resistant 
cultivars after Foc race1 and TR4 infection, our results also 
showed similar trends, but they were not significant. This 
could be due to the genetic background of the hosts used in 
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both studies (Wang et al. 2019). Furthermore, the number of 
NBS responsive genes against TR4 was higher than race1, 
which could be due to race-specific recognition against dif-
ferent races of a pathogen (Chang et al. 2020).

Upon P. eumusae infection, Macma4_10_g11850.1 
(Ma10_t08140.1) gene showed significant up-regu-
lation, along with this, other genes like Macma4_06_
g21640.1 (Ma06_g21200.1), Macma4_03_g24860.1 
(Ma03_g23360.1) also showed significant differen-
tial expression in resistant cultivar (Manoranjitham, 
AAA) as compared to the susceptible cultivar (Grand 
Nain, AAA). According to Timm et al. (2016), RGA1 

(Ma06_g21200.1) was up-regulation in resistant culti-
var (Calcutta-4) rather than susceptible cultivar (Grand 
Nain) against P. fijiensis. Passos et  al. (2013) also 
reported that NBS genes are the most abundant class 
of R genes that were expressed upon P. musicola infec-
tion. Emediato et al. (2013) compared the transcriptional 
activity of NBS genes in Calcutta-4 (AA, resistant) and 
Cavendish Grand Nain (AAA, susceptible) cultivars after 
P. musicola infection and found that some RGAs dis-
played higher/lower expression constitutively in resist-
ant cultivars at an early stage, whereas some expressed 
across the infection time course.

Fig. 4  a, b A graphical representation of expression details of NBS 
genes under biotic and abiotic stresses in Musa cultivars [a Eumusae 
leaf spot, nematode, and drought, b Foc race 1 and TR4]. The heat 
map was drawn using log2 logarithmic transformed expression val-

ues. Green to red represents low and high expression levels, respec-
tively. Based on the expression, the NBS genes were hierarchically 
clustered and divided into various gene clusters in the figure
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Macma4_06_g25510.1 (Ma06_t23890.1) was signifi-
cantly up-regulated in P. coffeae resistant cultivar (YKM5, 
AAA) than in the susceptible cultivar (Nendran, AAB). 
Backiyarani et al. (2013) reported that root lesion nematode 
infection induced RGA clusters, C1 and C5 in the resistant 
(cv. Karthobiumtham) but not the susceptible (cv. Nendran) 
cultivar.

Some of the NBS genes expressed more in sensitive 
cultivars than in tolerant cultivars, indicating that these 
genes play an active role in drought response. Chini 
et  al. (2004) reported that drought tolerance is asso-
ciated with increased expression of the CC-NBS-LRR 
genes. CC-NBS-LRR expression was found to be higher 
in hexaploid sweet potato and soybean during drought 
(Arisha et al. 2020; Kim et al. 2020). Many studies have 
reported that B-genome contributes to resistance to both 
biotic and abiotic stresses (Davey et al. 2013; Hu et al. 
2015). Generally, cultivars with AAB or ABB genomes 
are more drought tolerant and hardy due to the presence 
of the B genome and this could be one of the possible 
reasons for the tolerant nature of Saba (ABB) to drought 
stress (Davey et al. 2009; Liu et al. 2010; Vanhove et al. 
2012; Ravi et al. 2013; Muthusamy et al. 2016). Fur-
thermore, despite the fact that the B genome contains 
fewer NBS genes, the resistance nature may be due to 
B genome-specific miRNAs regulating these R genes. 
Even though a similar number of miRNA families were 
reported in both the genomes of bananas, additional 
miRNAs were discovered in the B genome, which is 
unique and they may have predicted targets indicating 
novel stress-related pathways that evolved separately 
in M. balbisiana (Davey et  al., 2013). Hence, there 
is a need to investigate the NBS genes and miRNAs 
expressed in B genome cultivars to gain a better under-
standing of resistance mechanisms to various biotic and 
abiotic stresses.

Interaction of NBS genes with miRNAs

A total of 247 miRNAs from M acuminate was retrieved 
and used for the identification of miRNA targets in NBS 
genes of both the genomes, of which 90 and 77 miRNAs 
were found to have targets in 104 and 34 NBS genes 
in the A and B genomes, respectively. The percentage 
of miRNA to NBS target is higher for the B genome 
and it was suggested that several miRNAs from the B 
genome are involved in tolerance/response to biotic and 
abiotic stresses (Davey et al. 2013). Eight and four sig-
nificantly up-regulated NBS genes against Foc TR4 and 
race1 in resistant cultivars have target sites for miRNAs. 
Macma4_03_g09360.1 which was found to be up-regu-
lated in resistant cultivars against both the Foc races had 
target sites for three miRNAs (Supplementary data: 6a, 

6b). Similarly, all the significantly up-regulated NBS 
genes against leaf spot disease and nematodes had miRNA 
target sites, indicating that these miRNAs may regulate 
gene expression in susceptible cultivars. By producing 
phased trans-acting siRNAs (phasiRNAs) that target the 
domains of NBS, miRNAs serve as a master regulator that 
modifies the arms race between hosts and pathogens (Park 
and Shin 2015; Koroban et al. 2016; Yang et al. 2021). 
Yang et al. (2015a, b) reported that miR482 modulate 
resistance in potato during Verticillium dahlia infection by 
suppressing the expression of NBS-LRR genes. Resistance 
to V. dahlia, Fusarium oxysporum in cotton and tomato 
was due to reduced expression of miR482 and increased 
expression of the NBS gene, respectively (Zhu et al. 2013; 
Ouyang et al. 2014). Yang et al. (2021) reported decaying 
of NBS-LRR mRNAs by miR482 in potato, tomato, and 
tobacco, and miR9863 against Mla transcripts in barley 
upon powdery mildew fungus by triggering the produc-
tion of phasiRNAs. Hence, the low expression of the NBS 
genes in susceptible cultivars in bananas against various 
stresses might be due to miRNAs and this has to be vali-
dated through miRNA expression studies and their targets 
in both the resistant and susceptible cultivars upon specific 
pathogen infections.

GO functional annotation of NBS genes

NBS genes from both genomes were annotated into 
different classes such as biological process, molecular 
function, and cellular component, which allows us to 
gain insight into the protein’s molecular and biologi-
cal functions (Ashburner et al. 2000) (Supplementary 
data: 7a, 7b). Most of the genes were under biological 
processes (238, 205) followed by molecular functions 
(181, 200) and cellular components (67, 67) in the A 
and B genomes, respectively (Fig. 5a, b). NBS genes 
under biological processes are diverse and are in a broad 
range of GO terms. In both the genomes, the maximum 
number of genes under the biological processes category 
belonged to the GO term, response to stimuli, response to 
stress, and defense response and it is in tandem with their 
function, disease resistance. Under molecular function 
and cellular components, most of genes were under bind-
ing and cell periphery in both the genomes, respectively. 
Similar outcomes have been documented for blueberry, 
Brassica napus, grapes, and durian (Die et al. 2018; Fu 
et al. 2019; Goyal et al. 2020; Cortaga et al. 2022). NBS 
genes under molecular function are involved in binding 
as they are mostly cellular receptors engaged in signaling 
via kinase cascades (Cristina et al. 2010). NBS genes in 
cellular components convert external stimuli into intra-
cellular responses for defense activation because they are 
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primarily found in the cell membrane, cytoplasm, and 
nucleus and serve as recognition sites for PAMP/MAMP 
and effector proteins (Cortaga et al. 2022). In general, 
GO term analysis supports the NBS genes’ ability to 
recognize conserved binding sites and trigger defense 
responses.

Interaction network of NBS proteins

The NBS protein interaction network was built using 
the interaction relationships of homologous NBS pro-
teins from A. thaliana (Supplementary Fig.  6). The 
interaction network analysis revealed that NBS pro-
teins from both genomes interacted with CAX7, sol-
ute carr ier family 24 (sodium/potassium/calcium 
exchanger), member 6; CYTC-1, cytochrome C-1; 
electron carrier protein; CYTC-2, cytochrome C-2-
eletron carrier protein; DAR5, DA1-related protein 
5 (DAR5); AT5G45510, probable disease resistance 
protein At5g45510; At5g46520, disease resistance 
protein (TIR-NBS-LRR class) family; RLP36, disease 
resistance family protein/LRR family protein; ASA2, 
anthranilate synthase alpha subunit 2, chloroplastic; 
At5G53850, probable bifunctional methylthioribu-
lose-1-phosphate dehydratase/enolase-phosphatase 
E1; AT2G34930, disease resistance family protein/
LRR family protein. Santaella et al. (2004) found that 
NBS and the solute carrier family were up-regulated in 

Manihot esculenta during infection with Xanthomonas 
axonopodis pv. manihotis. According to Wang et al. 
(2022), NBS genes from Lagenaria siceraria were 
found to interact with two electron carrier proteins 
(CYTC-1 and CYTC-2), transporter family proteins, 
NB-ARC domain-containing proteins (SNC1, ADR1-
L2, ADR1, ZAR1, TIR, RPM1), anthranilate synthase 
(ASA2), and receptor-like protein (RLP36).

Conclusion

A comprehensive analysis of NBS genes is a valuable 
resource for many questions about immune system evo-
lution, such as natural variation in innate immunity and 
hybrid failure. This study provides a thorough under-
standing of the NBS gene family in bananas, including its 
classification, genome organisation, phylogenetic rela-
tionship, gene structure, motifs, evolution, gene expres-
sion patterns, and regulation by miRNA against biotic 
and abiotic stresses. Even though NBS genes are present 
in susceptible cultivars, higher expression of NBS genes 
in resistant cultivars indicates NBS gene family resist-
ance to various biotic and abiotic stresses. More research 
on NBS genes, as well as the expression of miRNA and 
its targets under different stresses, is needed to function-
ally validate their biological significance and molecular 
mechanisms for using these genes as defence sentinels.

Fig. 5  a, b Functional classification of NBS genes from Musa A and B genomes on the basis of Gene Ontology (GO) terms assigned to various 
genes using BLAST2GO tool



Functional & Integrative Genomics (2023) 23:7 

1 3

Page 15 of 18 7

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10142- 022- 00925-w.

Author contribution Anuradha Chelliah: project administration, con-
ceptualization, work design, data curation, methodology, visualiza-
tion, analyzed the data, writing—original draft, review and editing, 
formatting; Chandrasekar Arumugam: methodology, in silico analysis; 
Backiyarani Suthanthiram: validation; Thangavelu Raman: validation; 
Uma Subbaraya: validation.

Funding This study is financially supported by the Indian Council of 
Agricultural Research, New Delhi (Grant ID: IXX14668).

Data availability The datasets generated or analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request. All other data generated or analyzed during this study are 
included in this article supplementary information files.

Declarations 

Ethical approval No ethical issues involved.

Competing interests The authors declare no competing interests.

Conflict of interest The authors declare no competing interests.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic 
local alignment search tool. J Mol Biol 215(3):403–410. https:// 
doi. org/ 10. 1016/ S0022- 2836(05) 80360-2

Ameline-Torregrosa C, Wang B, O’Bleness MS, Deshpande S, Zhu 
H, Roe BA, Young ND, Cannon SB (2008) Identification and 
characterization of nucleotide-binding site-leucine-rich repeat 
genes in the model plant Medicago truncatula. Plant Physiol 
146:21–25

Andersen EJ, Ali S, Reese RN, Yen Y, Neupane S, Nepal MP (2016) 
Diversity and evolution of disease resistance genes in barley 
(Hordeum vulgare L.). Evol Bio Inform 12:99–108

Anuradha C, Chandrasekar A, Backiyarani S, Uma S (2022) MusaR-
geneDB: An online comprehensive database for disease resist-
ance genes in Musa spp 3. Biotech 12:1–12

Anuradha C, Chandrasekar A, Backiyarani S, Thangavelu R, Giribabu 
P, Uma S (2022) Genome-wide analysis of pathogenesis-related 
protein 1 (PR-1) gene family from Musa spp and its role in 
defense response during stresses. Gene 821:146334

Arisha MH, Ahmad MQ, Tang W, Liu Y, Yan H, Kou M, Wang X, 
Zhang Y, Li Q (2020) RNA-sequencing analysis revealed genes 
associated drought stress responses of different durations in hexa-
ploid sweet potato. Sci Rep 10:12573

Ashburner M, Ball CA, Blake JA et al (2000) Gene Ontology: tool for 
the unification of biology. Nat Genet 25:25–29

Ayliffe MA, Lagudah ES (2004) Molecular genetics of disease resist-
ance in cereals. Ann Bot 94(6):765–773

Backiyarani S, Uma S, Arunkumar G, Saraswathi MS, Sundararaju 
P (2013) Cloning and characterization of NBS-LRR resistance 
gene analogues of Musa spp. and their expression profiling stud-
ies against Pratylenchus coffeae. Afr J Biotechnol 12:4256–4268

Bai J, Pennill LA, Ning J et al (2002) Diversity in nucleotide bind-
ing site-leucine-rich repeat genes in cereals. Genome Res 
12:1871–1884

Baumgarten A, Cannon S, Spangler R, May G (2003) Genome-level 
evolution of resistance genes in Arabidopsis thaliana. Genetics 
165:309–319

Buchel AS, Brederode FT, Bol JF, Linthorst HJ (1999) Mutation 
of GT-1 binding sites in the PR-1A promoter influences the 
level of inducible gene expression in vivo. Plant Mol Biol 
40:387–396

Cannon SB, Mitra A, Baumgarten A et al (2004) The roles of segmen-
tal and tandem gene duplication in the evolution of large gene 
families in Arabidopsis thaliana. BMC Plant Biol 4:10. https:// 
doi. org/ 10. 1186/ 1471- 2229-4- 10

Chang W, Li H, Chen H, Qiao F, Zeng H (2020) NBS-LRR gene family 
in banana (Musa acuminata): genome-wide identification and 
responses to Fusarium oxysporum f. sp. cubense race 1 and tropi-
cal race 4. Eur J Plant Pathol 157:549–563

Chen Z, Zhao W, Zhu X et al (2018) Identification and characteri-
zation of rice blast resistance gene Pid4 by a combination of 
transcriptomic profiling and genome analysis. J Genet Genomics 
45(12):663–672

Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R 
(2020) TBtools - an integrative toolkit developed for interactive 
analyses of big biological data. Mol Plant 13(8):1194–1202

Chini A, Grant JJ, Seki M, Shinozaki K, Loake GJ (2004) Drought 
tolerance established by enhanced expression of the CC-NBS-
LRR gene, ADR1, requires salicylic acid, EDS1 and ABI1. Plant 
J Cell Mol Biol 38(5):810–822

Collier SM, Moffett P (2009) NB-LRRs work a “bait and switch” on 
pathogens. Trends Plant Sci 14(10):521–529

Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, Robles M 
(2005) Blast2GO: a universal tool for annotation, visualization 
and analysis in functional genomics research. Bioinformatics 
21(18):3674–3676

Cortaga CQ, Latina RA, Habunal RR, Lantican DV (2022) Identi-
fication and characterization of genome-wide resistance gene 
analogs (RGAs) of durian (Durio zibethinus L.). J Genet Eng 
Biotechnol 20:29

Cristina MS, Petersen M, Mundy J (2010) Mitogen-activated protein 
kinase signaling in plants. Annu Rev Plant Biol 61:621–649

Cui H, Tsuda K, Parker JE (2015) Effector-triggered immunity: from 
pathogen perception to robust defense. Annu Rev Plant Biol 
66:487–511

Dale J, James A, Paul JY et al (2017) Transgenic Cavendish bananas 
with resistance to Fusarium wilt tropical race 4. Nat Commun 
8(1):1496

Dangl JL, Jones JD (2001) Plant pathogens and integrated defence 
responses to infection. Nature 411:826–833

Davey MW, Van den Bergh I, Markham R, Swennen R, Keulemans 
J (2009) Genetic variability in Musa fruit provitaminA carot-
enoids, lutein and mineral micronutrient contents. Food Chem 
115(3):806–813

Davey M, Gudimella R, Harikrishna JA, Sin LW, Khalid N, Keulemans 
J (2013) A draft Musa balbisiana genome sequence for molecu-
lar genetics in polyploid, inter- and intra-specific Musa hybrids. 
BMC Genomics 14:683

D’Hont A, Denoeud F, Aury JM et al (2012) The banana (Musa acumi-
nata) genome and the evolution of monocotyledonous plants. 
Nature 488(7410):213–217

Die JV, Román B, Qi X, Rowland LJ (2018) Genome-scale examination 
of NBS-encoding genes in blueberry. Sci Rep 8(1):3429

Dodds PN, Lawrence GJ, Ellis JG (2001) Six amino acid changes con-
fined to the leucine-rich repeat β-strand/β-turn motif determine 
the difference between the P and P2 rust resistance specificities 
in flax. Plant Cell 13:163–178

Dong J, Chen C, Chen Z (2003) Expression profiles of the Arabidopsis 
WRKY gene superfamily during plant defense response. Plant 
Mol Biol 51:21–37

https://doi.org/10.1007/s10142-022-00925-w
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1186/1471-2229-4-10
https://doi.org/10.1186/1471-2229-4-10


 Functional & Integrative Genomics (2023) 23:7

1 3

7 Page 16 of 18

Eddy SR (1998) Profile hidden Markov models. Bioinformatics 
14(9):755–763

Eitas TK, Dangl JL (2010) NB-LRR proteins: pairs, pieces, perception, 
partners, and pathways. Curr Opin Plant Biol 13(4):472–477

Emediato FL, Passos M, Teixeira CD, Pappas GJ, Miller RN (2013) 
Analysis of expression Of NBS-LRR resistance gene analogs in 
Musa acuminata during compatible and incompatible interac-
tions with Mycosphaerella musicola. Acta Hort 986:255–258

Eulgem T, Rushton P, Robatzek S, Somssich IE (2000) The WRKY 
superfamily of plant transcription factors. Trends Plant Sci 
5(5):199–206

Faigón-Soverna A, Harmon FG, Storani L et al (2006) A constitu-
tive shade-avoidance mutant implicates TIR-NBS-LRR proteins 
in Arabidopsis photomorphogenic development. Plant Cell 
18:2919–2928

Friedman AR, Baker BJ (2007) The evolution of resistance genes in 
multi-protein plant resistance systems. Curr Opin Genet Dev 
17:493–499

Fu ZQ, Dong X (2013) Systemic acquired resistance: turning local 
infection into global defense. Annu Rev Plant Biol 64:839–863

Fu Y, Zhang Y, Mason AS, Lin B, Zhang D, Yu H, Fu D (2019) NBS-
encoding genes in Brassica napus evolved rapidly after allopoly-
ploidization and co-localize with known disease resistance loci. 
Front Plant Sci 10:26

Goyal N, Bhatia G, Sharma S, Garewal N, Upadhyay A, Upadhyay SK, 
Singh K (2020) Genome-wide characterization revealed role of 
NBS-LRR genes during powdery mildew infection in Vitis vin-
ifera. Genomics 112(1):312–322

Gu L, Si W, Zhao L, Yang S, Zhang X (2015) Dynamic evolution of 
NBS–LRR genes in bread wheat and its progenitors. Mol Genet 
Genom 290:727–738

Guo Y, Fitz J, Schneeberger K, Ossowski S, Cao J, Weigel D (2011) 
Genome-wide comparison of nucleotide-binding site-leucine-
rich repeat-encoding genes in Arabidopsis. Plant Physiol 
157:757–769

Habachi-Houimli Y, Khalfallah Y, Mezghani-Khemakhem M, Makni 
H, Makni M, Bouktila D (2018) Genome-wide identification, 
characterization, and evolutionary analysis of NBS-encoding 
resistance genes in barley. 3Biotech 8:1–16

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment 
editor and analysis program for Windows 95/98/NT. Nucleic 
Acids Symp Series 41:95–98

Holub EB (2001) The arms race is ancient history in Arabidopsis, the 
wildflower. Nat Rev Genet 2:516–527

Hu W, Zuo J, Hou X, Yan Y, Wei Y, Liu J, Li M, Xu B, Jin Z (2015) 
The auxin response factor gene family in banana: genome-wide 
identification and expression analyses during development, rip-
ening, and abiotic stress. Front Plant Sci 6:742

JiaY YY, Zhang Y, Yang S, Zhang X (2015) Extreme expansion of 
NBS-encoding genes in Rosaceae. BMC Genet 16:48

Jo B, Choi SS (2015) Introns: the functional benefits of introns in 
genomes. Genomics Inform 13(4):112–118

Jones JDG, Dangl JL (2006) The plant immune system. Nature 
444(7117):323–329. https:// doi. org/ 10. 1038/ natur e05286

Kang YJ, Kim K, Shim S, Yoon MY, Sun S, Kim MY, Van K, Lee 
S (2012) Genome-wide mapping of NBS-LRR genes and their 
association with disease resistance in soybean. BMC Plant Biol 
12:139–139

Kim Y, Chae S, Oh NI, Nguyen NH, Cheong J (2020) Recurrent 
drought conditions enhance the induction of drought stress 
memory genes in Glycine max L. Front Genet 11:576086

Koroban NV, Kudryavtseva AV, Krasnov GS et al (2016) The role 
of microRNA in abiotic stress response in plants. Mol Biol 
50:337–343

Kourelis J, van der Hoorn RA (2018) Defended to the nines: 25 years of 
resistance gene cloning identifies nine mechanisms for R protein 
function. Plant Cell 30:285–299

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: 
Molecular evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol 35(6):1547–1549

Lan T, Yang Z, Yang X, Liu Y, Wang X, Zeng Q (2009) Extensive 
functional diversification of the populus glutathione s-transferase 
supergene family. The Plant Cell Online 21(12):3749–3766

Larkin MA, Blackshields G, Brown NP et al (2007) Clustal W and 
Clustal X version 2.0. Bioinformatics 23(21):2947–8

Lescot M, Piffanelli P, Ciampi AY et al (2008) Insights into the Musa 
genome: syntenic relationships to rice and between Musa spe-
cies. BMC Genomics 9:58

Lescot M, Ciampi AY, Ruiz M et al (2005) Fresh insights into the Musa 
genome and its comparison with rice. 2005.

Li J, Brader G, Palva ET (2004) The WRKY70 transcription factor: 
a node of convergence for jasmonate-mediated and salicylate-
mediated signals in plant defense on-line version contains web-
only data. The Plant Cell Online 16:319–331

Li J, Ding J, Zhang WG, Zhang Y, Tang P, Chen J, Tian D, Yang S 
(2010a) Unique evolutionary pattern of numbers of gramineous 
NBS–LRR genes. Mol Genet Genom 283:427–438

Li X, Cheng Y, Ma W et al (2010b) Identification and characterization 
of NBS-encoding disease resistance genes in Lotus japonicus. 
Plant Syst Evol 289(1–2):101–110

Li Y, Zhong Y, Huang K, Cheng Z (2016) Genomewide analysis of 
NBS-encoding genes in kiwi fruit (Actinidiachinensis). J Genet 
95:997–1001

Lin X, Zhang Y, Kuang H, Chen J (2013) Frequent loss of lineages and 
deficient duplications accounted for low copy number of disease 
resistance genes in Cucurbitaceae. BMC Genom 14:335–335

Liu H, Dai J, Feng D, Liu B, Wang H, Wang J (2010) Characterization 
of a novel plantain Asr gene, MpAsr, that is regulated in response 
to infection of Fusarium oxysporum f. sp. cubense and abiotic 
stresses. J Integr Plant Biol 52(3):315–23

Liu F, Li H, Wu J, Wang B, Tian N, Liu J, Sun X, Wu H, Huang Y, Lü 
P, Cheng C (2021a) Genome-wide identification and expression 
pattern analysis of lipoxygenase gene family in banana. Sci Rep 
11:9948

Liu Y, Li D, Yang N, Zhu X, Han K, Gu R, Bai J, Wang A, Zhang Y 
(2021b) Genome-wide identification and analysis of CC-NBS-
LRR family in response to downy mildew and black rot in Chi-
nese cabbage. Int J Mol Sci 22:4266. https:// doi. org/ 10. 3390/ 
ijms2 20842 66

Long M, VanKuren NW, Chen S, Vibranovski MD (2013) New gene 
evolution: little did we know. Annu Rev Genet 47:307–333

Lozano R, Hamblin MT, Prochnik S, Jannink J (2015) Identification 
and distribution of the NBS-LRR gene family in the Cassava 
genome. BMC Genomics 16(2015):360

Lynch M, Conery JS (2000) The evolutionary fate and consequences 
of duplicate genes. Science 290(5494):1151–1155

Mace ES, Tai S, Innes DJ et al (2014) The plasticity of NBS resistance 
genes in sorghum is driven by multiple evolutionary processes. 
BMC Plant Biol 14:253

Meyers BC, Dickerman AW, Michelmore RW, Sivaramakrishnan S, 
Sobral BW, Young ND (1999) Plant disease resistance genes 
encode members of an ancient and diverse protein family within 
the nucleotide-binding superfamily. Plant J 20:317–332

Meyers BC, Morgante M, Michelmore RW (2002) TIR-X and TIR-
NBS proteins: two new families related to disease resistance 
TIR-NBS-LRR proteins encoded in Arabidopsis and other plant 
genomes. Plant J 32:77–92

https://doi.org/10.1038/nature05286
https://doi.org/10.3390/ijms22084266
https://doi.org/10.3390/ijms22084266


Functional & Integrative Genomics (2023) 23:7 

1 3

Page 17 of 18 7

Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW et al 
(2003) Genome-wide analysis of NBS-LRR–encoding genes in 
Arabidopsis. Plant Cell 15:809–834

Meyers BC, Kaushik S, Nandety RS (2005) Evolving disease resistance 
genes. CurrOpin Plant Biol 8:129–134

Miller RN, Bertioli DJ, Baurens FC, Santos CM, Alves PC, Martins 
NF, Togawa RC, Souza MT, Pappas GJ (2008) Analysis of non-
TIR NBS-LRR resistance gene analogs in Musa acuminate 
Colla: isolation, RFLP marker development, and physical map-
ping. BMC Plant Biol 8:15

Mondragon-Palomino M, Meyers BC, Michelmore RW, Gaut BS 
(2002) Patterns of positive selection in the complete NBS-LRR 
gene family of Arabidopsis thaliana. Genome Res 12:1305–1315

Mun J, Yu H, Park S, Park B (2009) Genome-wide identification of 
NBS-encoding resistance genes in Brassica rapa. Mol Genet 
Genom 282:617–631

Muthusamy M, Uma S, Backiyarani S, Saraswathi MS, Chandrasekar 
A (2016) Transcriptomic changes of drought-tolerant and sensi-
tive banana cultivars exposed to drought stress. Front Plant Sci 
7:1609

Nansamba M, Sibiya J, Tumuhimbise R, Karamura D, Kubiriba J, 
Karamura E (2020) Breeding banana (Musa spp) for drought 
tolerance a review. Plant Breed 139:685–696

Ouyang S, Park G, Atamian HS, Han CS, Stajich JE, Kaloshian I, 
Borkovich KA (2014) MicroRNAs suppress NB domain genes 
in tomato that confer resistance to Fusarium oxysporum. PLoS 
Pathog 10:e1004464

Pan Q, Wendel JF, Fluhr R (2000) Divergent evolution of plant NBS-
LRR resistance gene homologues in dicot and cereal genomes. 
J MolEvol 50:203–213

Park JH, Shin C (2015) The role of plant small RNAs in NB-LRR 
regulation. Brief Funct Genom 14:268–274

Passos M, de Cruz VO, Emediato FL et al (2013) Analysis of the 
leaf transcriptome of Musa acuminata during interaction with 
Mycosphaerella musicola: gene assembly, annotation and marker 
development. BMC Genomics 14:78

Peraza-Echeverria S, Dale JL, Harding RM, Smith MK, Collet C 
(2008) Characterization of disease resistance gene candidates of 
the nucleotide binding site (NBS) type from banana and correla-
tion of a transcriptional polymorphism with resistance to Fusar-
ium oxysporum f. sp. cubense race 4. Mol Breed 22(4):565–579

Peraza-Echeverria S, Dale JL, Harding RM, Collet C (2009) Molecular 
cloning and in silico analysis of potential Fusarium resistance 
genes in banana. Mol Breed 23:431–443

Porter BW, Paidi MD, Ming R, Alam M, Nishijima WT, Zhu YJ (2009) 
Genome-wide analysis of Carica papaya reveals a small NBS 
resistance gene family. Mol Genet Genomics 281:609–626

Qian L, Zhou G, Sun X, Lei Z, Zhang Y, Xue J, Hang Y (2017) Distinct 
patterns of gene gain and loss diverse evolutionary modes of 
NBS-encoding genes in three solanaceae crop species. G3-Genes 
Genom Genet 7(5):1577–1585

Ravi I, Uma S, Vaganan MM, Mustaffa MM (2013) Phenotyping 
bananas for drought resistance. Front Physiol 4:9

Richly E, Kurth J, Leister D (2002) Mode of amplification and reor-
ganization of resistance genes during recent Arabidopsis thaliana 
evolution. Mol Biol Evol 19(1):76–84

Roy SW, Gilbert W (2005) Rates of intron loss and gain: implica-
tions for early eukaryotic evolution. Proc Natl Acad Sci USA 
102(16):5773–5778

Rushton P, Torres JT, Parniske M, Wernert P, Hahlbrock K, Somssich 
IE (1996) Interaction of elicitor-induced DNA-binding proteins 
with elicitor response elements in the promoters of parsley PR1 
genes. EMBO J 15:5690–5700

Rushton P, Reinstädler A, Lipka V, Lippok B, Somssich IE (2002) 
Synthetic plant promoters containing defined regulatory elements 

provide novel insights into pathogen- and wound-induced signal-
ing. The Plant Cell Online 14:749–762

Santaella M, Suárez E, López CE, González C, Mosquera GM, 
Restrepo S, Tohme J, Badillo A, Verdier V (2004) Identifica-
tion of genes in cassava that are differentially expressed dur-
ing infection with Xanthomonas axonopodis pv. manihotis. Mol 
Plant Pathol 5(6):549–58

Santamaria M, Thomson CJ, Read ND, Loake GJ (2001) The promoter 
of a basic PR1-like gene, AtPRB1, from Arabidopsis establishes 
an organ-specific expression pattern and responsiveness to ethyl-
ene and methyl jasmonate. Plant Mol Biol 47:641–652

Saravanakumar AS, Uma S, Thangavelu R, Backiyrani S, Saraswathi 
MS, Sriram V (2016) Preliminary analysis on the transcripts 
involved in resistance responses to eumusae leaf spot disease 
of banana caused by Mycosphaerellaeumusae, a recent add-on 
of the sigatoka disease complex. Turk J Botany 40(5):461–471

Schutter BD, Speijer PR, Dochez C, Tenkouano A, Waele DD (2001) 
Evaluating host plant reaction of Musa germplasm to Radopho-
lussimilis by inoculation of single primary roots. Nematropica 
31(2):295–300

Shao Z, Zhang Y, Hang Y, Xue J, Zhou G, Wu P, Wu X, Wu X, 
Wang Q, Wang B, Chen J (2014) Long-term evolution of 
nucleotide-binding site-leucine-rich repeat genes: understand-
ing gained from and beyond the legume family. Plant Physiol 
166(1):217–234

Shao Z, Xue J, Wu P, Zhang Y, Wu Y, Hang Y, Wang B, Chen J (2016) 
Large-scale analyses of angiosperm nucleotide-binding site-
leucine-rich repeat genes reveal three anciently diverged classes 
with distinct evolutionary patterns. Plant Physiol 170:2095–2109

Shao Z, Xue J, Wang Q, Wang B, Chen J (2019) Revisiting the origin 
of plant NBS-LRR genes. Trends Plant Sci 24(1):9–12

Shiu S, Karłowski WM, Pan R, Tzeng Y, Mayer KF, Li W (2004) Com-
parative analysis of the receptor-like kinase family in Arabidopsis 
and rice. Plant Cell 16(5):1220–1234

Sutanto A, Sukma D, Hermanto C, Sudarsono SA (2014) Isolation and 
characterization of resistance gene analogue (RGA) from Fusar-
ium resistant banana cultivars. Emir J Food Agric 26:508–518

Szklarczyk D, Gable AL, Lyon D et al (2019) STRING v11: protein–
protein association networks with increased coverage, support-
ing functional discovery in genome-wide experimental datasets. 
Nucleic Acids Res 47(D1):D607–D613

Tan S, Wu S (2012) Genome wide analysis of nucleotide-binding site 
disease resistance genes in Brachypodium distachyon. Comp 
Funct Genomics 2012:418208

Thangavelu R, Saraswathi MS, Uma S, Loganathan M, Backiyarani 
S, Durai P, Raj E, Marimuthu N, Kannan G, Swennen R (2021) 
Identification of sources resistant to a virulent Fusarium wilt 
strain (VCG 0124) infecting Cavendish bananas. Sci Rep 11:3183

Timm ES, Pardo LH, Coello RP, Navarrete TC, Villegas ON, Ordoñez 
EG (2016) Identification of differentially-expressed genes in 
response to Mycosphaerella fijiensisin the resistant Musa acces-
sion ‘Calcutta-4’ using suppression subtractive hybridization. 
PLoS ONE 11(8):e0160083

Traut TW (1994) The functions and consensus motifs of nine types of 
peptide segments that form different types of nucleotide-binding 
sites. Eur J Biochem 222(1):9–19

Vanhove AC, Vermaelen W, Panis B, Swennen R, Carpentier SC 
(2012) Screening the banana biodiversity for drought tolerance: 
can an in vitro growth model and proteomics be used as a tool 
to discover tolerant varieties and understand homeostasis. Front 
Plant Sci 3:176

Wan H, Yuan W, Bo K, Shen J, Pang X, Chen J (2013) Genome-wide 
analysis of NBS-encoding disease resistance genes in Cucumis 
sativus and phylogenetic study of NBS-encoding genes in Cucur-
bitaceae crops. BMC Genom 14:109



 Functional & Integrative Genomics (2023) 23:7

1 3

7 Page 18 of 18

Wang Y, Tang H, DeBarry JD et al (2012) MCScanX: a toolkit for 
detection and evolutionary analysis of gene synteny and collin-
earity. Nucleic Acids Res 40(7):e49

Wang L, Zhao L, Zhang X, Zhang Q, Jia Y, Wang G, Li S, Tian D, Li 
W, Yang S (2019) Large-scale identification and functional anal-
ysis of NLR genes in blast resistance in the Tetep rice genome 
sequence. Proc Natl Acad Sci 116:18479–18487

Wang Y, Huang L, Li Y, FengZ, MuZ, Wang J, Wu X, Wang B, Lu Z, 
Li G, Wu X (2022) Checking transformation efficiency for dif-
ferent Lagenaria siceraria genotypes by using seed germination 
pouches as a growth carrier. Plant Cell Tiss Organ Cult 2022. 
https:// doi. org/ 10. 1007/ s11240- 022- 02345-x

Xu B, Yang Z (2013) PAMLX: a graphical user interface for PAML. 
Mol Boil Evol 30(12):2723–2724

Xu G, Guo C, Shan H, Kong H (2012) Divergence of duplicate genes in 
exon–intron structure. Proc Natl Acad Sci 109:1187–1192

Xue J, Zhao T, Liu Y, Liu Y, Zhang Y, Zhang G, Chen H, Zhou G, 
Zhang S, Shao Z (2020) Genome-wide analysis of the nucleotide 
binding site leucine-rich repeat genes of four orchids revealed 
extremely low numbers of disease resistance genes. Front Genet 
10:1286

Yang X, Wang J (2016) Genome-wide analysis of NBS-LRR genes in 
sorghum genome revealed several events contributing to NBS-
LRR gene evolution in grass species. EvolBioinform Online 
12:9–21

Yang S, Feng Z, Zhang X, Jiang K, Jin X, Hang Y, Chen J, Tian D 
(2006) Genome-wide investigation on the genetic variations of 
rice disease resistance genes. Plant Mol Biol 62:181–193

Yang S, Zhang X, Yue J, Tian D, Chen J (2008) Recent duplications 
dominate NBS-encoding gene expansion in two woody species. 
Mol Genet Genom 280(3):187–198

Yang L, Mu X, Liu C, Cai J, Shi K, Zhu W, Yang Q (2015a) Over-
expression of potato miR482e enhanced plant sensitivity to 
Verticillium dahliae infection. J Integr Plant Biol 57:1078–1088

Yang S, Wang L, Huang J, Zhang X, Yuan Y, Chen J, Hurst LD, Tian 
D (2015b) Parent–progeny sequencing indicates higher mutation 
rates in heterozygotes. Nature 523:463–467

Yang X, Zhang L, Yang Y, Schmid M, Wang Y (2021) miRNA medi-
ated regulation and interaction between plants and pathogens. 
Int J Mol Sci 22:2913

Yoshimura S, Yamanouchi U, Katayose Y et al (1998) Expression of 
Xa1, a bacterial blight-resistance gene in rice, is induced by bac-
terial inoculation. Proc Natl Acad Sci USA 95(4):1663–1668

Yu D, Chen C, Chen Z (2001) Evidence for an important role of wrky 
DNA binding proteins in the regulation of NPR1 gene expres-
sion. The Plant Cell Online 13:1527–1540

Yu J, Tehrim S, Zhang F et al (2014) Genome-wide comparative analy-
sis of NBS-encoding genes between Brassica species and Arabi-
dopsis thaliana. BMC Genomics 15(1):3

Yu X, Feng B, He P, Shan L (2017) From chaos to harmony: responses 
and signaling upon microbial pattern recognition. Annu Rev Phy-
topathol 55:109–137

Yu X, Zhong S, Yang H et al (2021) Identification and characteriza-
tion of NBS resistance genes in Akebia trifoliata. Front Plant 
Sci 12:758559

Zhang Z, Xie Z, Zou X, Casaretto JA, Ho TD, Shen QJ (2004) A 
rice wrky gene encodes a transcriptional repressor of the gib-
berellin signaling pathway in aleurone cells. Plant Physiol 
134:1500–1513

Zhang M, Wu Y, Lee M, Liu Y, Rong Y, Santos TS, Wu C, Xie F, 
Nelson R, Zhang H (2010) Numbers of genes in the NBS and 
RLK families vary by more than four-fold within a plant spe-
cies and are regulated by multiple factors. Nucleic Acids Res 
38(19):6513–6525

Zhang R, Murat F, Pont C, Langin T, Salse J (2014) Paleo-evolution-
ary plasticity of plant disease resistance genes. BMC Genomics 
15:187

Zhang Y, Xia R, Kuang H, Meyers BC (2016) The diversification of 
plant NBS-LRR defense genes directs the evolution of microR-
NAs that target them. Mol Biol Evol 33:2692–2705

Zhang Y, Chen M, Sun L, Wang Y, Yin J, Liu J, Sun X, Hang Y (2020) 
Genome-wide identification and evolutionary analysis of NBS-
LRR genes from Dioscorea rotundata. Front Genet 11:484

Zhou T, Wang Y, Chen J, Araki H, Jing Z, Jiang K, Shen JZ, Tian D 
(2004) Genome-wide identification of NBS genes in japonica 
rice reveals significant expansion of divergent non-TIR NBS-
LRR genes. Mol Genet Genom 271(4):402–415

Zhu Q, Fan L, Liu Y, Xu H, Llewellyn D, Wilson I (2013) miR482 
regulation of NBS-LRR defense genes during fungal pathogen 
infection in cotton. PLoS ONE 8:e84390

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s11240-022-02345-x

	Genome-wide identification, characterization, and evolutionary analysis of NBS genes and their association with disease resistance in Musa spp.
	Abstract
	Introduction
	Materials and methods
	Identification of NBS gene family members in banana
	Phylogenetic tree construction
	Gene structure, cis-regulatory elements, and genomic distribution of NBSgenes
	Synteny and gene duplication analysis
	KaKs analysis and estimated divergence time for the duplicated Musa NBS genes
	Expression analysis of NBS genes
	Plant materials and stress treatments
	Regulation by microRNAs
	Gene Ontology classification
	Interaction network of NBS proteins

	Results and discussion
	Identification and features of NBS genes
	Phylogenetic analysis
	Gene structure, conserved protein motifs
	Gene distribution, collinearity, and synteny analysis
	Cis-elements
	KaKs analysis and estimated divergence time for the duplicated NBS genes
	Differential expression of NBS genes under various stress conditions
	Interaction of NBS genes with miRNAs
	GO functional annotation of NBS genes
	Interaction network of NBS proteins

	Conclusion
	Anchor 27
	References


