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Abstract

Main conclusion The investigation is the first report on genome-wide identification and characterization of NBLRR
genes in pearl millet. We have shown the role of gene loss and purifying selection in the divergence of NBLRRs in
Poaceae lineage and candidate CaNBLRR genes for resistance to Magnaporthe grisea infection.

Abstract Plants have evolved multiple integral mechanisms to counteract the pathogens' infection, among which plant immu-
nity through NBLRR (nucleotide-binding site, leucine-rich repeat) genes is at the forefront. The genome-wide mining in
pearl millet (Cenchrus americanus (L.) Morrone) revealed 146 CaNBLRRs. The variation in the branch length of NBLRRs
showed the dynamic nature of NBLRRs in response to evolving pathogen races. The orthology of NBLRRs showed a pre-
dominance of many-to-one orthologs, indicating the divergence of NBLRRs in the pearl millet lineage mainly through gene
loss events followed by gene gain through single-copy duplications. Further, the purifying selection (Ka/Ks < 1) shaped the
expansion of NBLRRs within the lineage of pear millet and other members of Poaceae. Presence of cis-acting elements,
viz. TCA element, G-box, MYB, SARE, ABRE and conserved motifs annotated with P-loop, kinase 2, RNBS-A, RNBS-D,
GLPL, MHD, Rx-CC and LRR suggests their putative role in disease resistance and stress regulation. The qRT-PCR analysis
in pearl millet lines showing contrasting responses to Magnaporthe grisea infection identified CaNBLRR20, CaNBLRR33,
CaNBLRR46 CaNBLRR51, CaNBLRR78 and CaNBLRR 146 as putative candidates. Molecular docking showed the involve-
ment of three and two amino acid residues of LRR domains forming hydrogen bonds (histidine, arginine and threonine) and
salt bridges (arginine and lysine) with effectors. Whereas 14 and 20 amino acid residues of CaNBLRR78 and CaNBLRR20
showed hydrophobic interactions with 11 and 9 amino acid residues of effectors, Mg.00g064570.m01 and Mg.00g006570.
mO1, respectively. The present investigation gives a comprehensive overview of CaNBLRRs and paves the foundation for
their utility in pearl millet resistance breeding through understanding of host—pathogen interactions.
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Abbreviations

ETI Effector-triggered immunity

hpi Hours post inoculation

NBLRR Nucleotide-binding site leucine-rich repeats

R Resistance
SRE Stress-responsive element

Introduction

Pearl millet is one of the important millets for climate-resil-
ient agriculture owing to its withstanding ability to harsh
environmental conditions such as drought, low rainfall, high
pH, poor quality soil and considerable nutritional and eco-
nomic significance, especially in areas with arduous cultiva-
tion conditions (Kumar et al. 2021). Pearl millet is cultivated
in approximately 27 million hectares in Asia and Africa.
India leads the pearl millet production, with a production of
8.61 million tons, a productivity of 1243 kg ha™!, and occu-
pies an area of 6.93 million ha (http://dmd.dacnet.nic.in/).
It is highly nutritious and can cater to economically weaker
sections with 80-90% energy demands (Govindaraj et al.
2019). However, pearl millet production has declined due
to many biotic and abiotic factors. The blast disease caused
by Magnaporthe grisea has emerged as one of the major
production constraints during the last decade in pearl mil-
let cultivation, causing severe loss in grain yield and qual-
ity (Singh et al. 2021). The chemical-based management of
pearl millet demands high-cost inputs. Further, it poses the
risk of environmental contamination and the development
of fungicide-resistant pathogen strains, thereby necessitat-
ing the identification of alternate means. Thus, the genetic
management of pearl millet blast by exploiting host—patho-
gen interaction mechanisms is the most effective, alternative
and sustainable approach, especially in low-input agriculture
systems (Nelson et al. 2018; Jeevan et al. 2020).

During pathogen infection, the plant exhibits two levels
of immunity, viz. pathogen-associated molecular patterns
(PAMPs)-triggered immunity (PTI) and effector-triggered-
immunity (ETI) (Jones and Dangl 2006). As the pathogen
attacks the plant, the cell wall acts as the primary defence
barrier that triggers PTI response by recognizing the PAMPs
through pattern recognition receptors (PRRs) on the cell
membrane. Subsequently, the PRRs send signals inside
the plant cell through the plasma membrane to activate
defence-related pathways. The pathogens escape the PTI by
secreting effectors, which are perceived by plants' resistance
(R) genes, which activate a more intense and fast defence
mechanism termed ETI (Yuan et al. 2021). Despite differ-
ent defence mechanisms, PTI and ETI work co-ordinately
(Zipfel 2014). Resistance against pathogens is a function of
interaction between the avirulence (Avr) gene or pathogen
effectors and the R gene of a plant (Ameline-Torregrosa et al.
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2008). The availability of advanced molecular technologies
and the need to develop robust resistance mechanisms led
to the isolation and characterization of several R genes in
various crop species. The largest class of functionally char-
acterized R genes belong to nucleotide binding (NB) and
leucine-rich repeat (LRR) types (NBLRRs) (Meyers et al.
2003). According to the zig-zag model, the R gene meant
only those receptors that possessed nucleotide binding (NB)
and leucine-rich repeat (LRR) domains, i.e. NBLRRs, which
activates ETI responsible for pathogen resistance and induce
hypersensitive response (HR) (Yuan et al. 2021). NBLRR
proteins primarily consist of two domains; the NBS domain
is an acronym of the NB-ARC domain, which is part of a
signalling cascade that serves as a nucleotide-binding pocket
that hydrolyses ATP to bring about conformational change
in R proteins (Tameling et al. 2002). On the other hand,
LRR domains act as ON/OFF switches for plant defence by
recognizing pathogen effector molecules via protein—pro-
tein interactions (Michelmore et al. 2013). The NBS domain
plays an essential role in the defence signalling mechanism
and triggers a downstream hypersensitive response in plants,
whereas the LRR domain is responsible for R-Avr interac-
tions (Zhang et al. 2022).

NBLRR proteins may directly or indirectly recognize
the pathogen. Several R genes may be activated to recog-
nise various infections precisely. According to the guard
theory, plant targets for pathogen effector proteins are
protected by NBLRR proteins; in such a case, pathogen
effector molecules serve as virulence factors to increase
the sensitivity of the host plant in the absence of recogni-
tion. The indirect recognition theory states that the lim-
ited number of R proteins can recognise a wide range of
pathogens (Meyers et al. 2003; McHale et al. 2006). The
NBLRR genes PmTRI and PmTR3 from rye have con-
ferred resistance to powdery mildews from the three-leaf
stage and all-stage resistance in wheat-rye introgressed
lines (Han et al. 2023). In rice, 33 NBLRR genes were
reported to assign resistance to various blast stages (Kalia
and Rathour 2019; Li et al. 2019b, a). For instance, Pbl
(Fujii et al. 2000), Pb2 (Yu et al. 2022), and Pb3 (Ma et al.
2022) for panicle blast, and Pia (Okuyama et al. 2011),
Pik-e (Chen et al. 2015), Pik-p (Yuan et al. 2011) for leaf
blast, etc. Considering the importance of NBLRR genes in
assigning disease resistance, the genome-wide identifica-
tion and their evolutionary and functional characterization
were undertaken in various plant species, such as Arabi-
dopsis thaliana (Meyers et al. 1999), Oryza sp. (Rawal
et al. 2018), Triticum aestivum (Andersen et al. 2020),
Vitis vinifera (Goyal et al. 2020), etc. Further, several gene
families, viz. MYB (Lin et al. 2023; Lv et al. 2023), RWP-
RK (Jin et al. 2023), WRKY (Chanwala et al. 2020), etc.,
were characterized in the genus pearl millet and related
species and voluminous information was generated on
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NBLRRs in various crop species. However, there is no
information on detailed evolution and genome-wide analy-
sis of NBLRR genes in pearl millet. Deciphering NBLRRs
in pearl millet and their characterization is crucial for
paving the foundation for molecular breeding of disease
resistance in pearl millet. Therefore, we framed the cur-
rent investigation firstly to mine the NBLRR genes in pearl
millet using HMMscan and homology-based approaches
and secondly to comprehensively study the evolution
and functional response of NBLRRs to pearl millet blast
caused by Magnaporthe grisea.

Materials and methods

Identification of putative NBLRR proteins in pearl
millet proteome

A total of 88 and 126 NBLRR query proteins of Arabidop-
sis thaliana and Oryza sativa, respectively, were retrieved
from TAIR (http://www.arabidopsis.org/) and the rice
genome annotation project (http://rice.uga.edu) using the
search terms NBLRR' and WBSLRR'. The query sequences
were BLAST (BLAST +2.10.1; https://www.ncbi.nlm.nih.
gov/) searched with an e-value cut-off of le-5 against pearl
millet proteome (PM.genechr.trans.pep) retrieved from
ICRISAT- Centre of Excellence in Genomics & Systems
Biology server (https://cegresources.icrisat.org/data_pub-
lic/PearlMillet_Genome/v1.1/). Subsequently, the HMM
models generated for Arabidopsis thaliana and Oryza sativa
NBLRR query protein sequences with Aimmbuild (HMMER
v3.3.2) function and the NB-ARC Pfam domain (PF00931;
http://pfam.xfam.org) were used to execute the hmmsearch
(e-value <0.01; HMMER 3.3.2) among NBLRR blast hits
from pearl millet proteome (PM.genechr.trans.pep). The
non-redundant hits from the BLAST and HMMSearch were
used for HMMScan (HMMER 3.3.2) with the Pfam database
(http://pfam.xfam.org). The protein sequences showing the
NBS domain (PF00931) towards the amino (N) terminal and
at least one LRR domain (PF00560, PF07725, PF12799,
PF13306, PF13516, PF13855 and PF14580) towards the car-
boxyl (C) terminal were considered for subsequent analysis.
Further, the non-redundant gene models were arranged in
ascending order based on chromosomal positions and named
CaNBLRRs (CaNBLRR1-146). The CaNBLRRs were plot-
ted on seven chromosomes of pearl millet using TBtools
v2.052 (https://bio.tools/tbtools) (Chen et al. 2023). The
physicochemical properties and subcellular localization
of CaNBLRRs were predicted using the ProtParam tool
(https://web.expasy.org/protparam) (Gasteiger et al. 2005)
and WoLFPSORT (https://wolfpsort.hgc.jp) (Horton 2006)
Servers.

Structural attributes of CaNBLRR sequences

The gene structure and intronic phases of CaNBLRR genes
were visualized in TBtools v2.052 (https://bio.tools/tbtoo
Is) (Chen et al. 2023) using the GFF file of pearl millet
(PM.genechr.trans.gff) retrieved from ICRISAT- Centre of
Excellence in Genomics & Systems Biology server (https://
cegresources.icrisat.org/data_public/PearlMillet_Genome/
v1.1/). The best ten conserved motifs of CaNBLRRs were
discovered using MEME suit (https://meme-suite.org/meme)
(Bailey et al. 2015) with default parameters.

Multiple sequence alignment and phylogenetic
analysis

For evolutionary analysis, the NBLRR proteins were mined
from five related species, viz. purple false brome (Brachypo-
dium distachyon (L.) P.Beauv.), finger millet (Eleusine cora-
cana), rice (Oryza sativa L.), sorghum (Sorghum bicolor L.
(Moench)) and foxtail millet (Setaria italica (L.) P.Beauv.)
using the similar approach used for mining CaNBLRRs
(Balamurugan et al. 2024). The phylogenetic analysis was
performed to determine the evolutionary association among
NBLRR sequences of pearl millet with related Poaceae
members. The multiple sequence alignment of NBLRRs was
carried out using Clustal Omega (Sievers et al. 2011) with
default parameters. Subsequently, the multiple alignments
were trimmed using the trimAL v1.2 tool (http://trimal.
cgenomics.org) (Capella-Gutiérrez et al. 2009). Then, the
aligned and trimmed sequences were used for phylogenetic
tree construction based on the maximum likelihood method
using the IQ TREE v16.12 (http://www.iqtree.org) (Minh
et al. 2020) with 1000 bootstraps.

Duplication, orthology and selection pressure
analyses

The self-BLASTp search (e-value < le-5) within the
pearl millet proteome was performed with standalone
BLAST +2.10.1 (https://www.ncbi.nlm.nih.gov/) for dupli-
cation analysis, and the resulting BLAST output was sub-
jected to DupGen_finder software to harvest the various
duplications (Qiao et al. 2019). The NBLRRs of C. ameri-
canus, B. distachyon, E. coracana, O. sativa, S. bicolor and
S. italica were used to predict orthology using OrthoFinder
software (https://github.com/davidemms/OrthoFinder)
(Emms and Kelly 2019). Each paralog and ortholog pair of
NBLRRs were aligned with the ParaAT2.0 program (https://
ngdc.cncb.ac.cn/tools/paraat) (Zhang et al. 2012). Subse-
quently, the aligned homolog pair were used to calculate
the nonsynonymous rate (Ka), synonymous rate (Ks) and
evolutionary constraint (Ka/Ks) using the KaKs calculator
v.3.0 (https://ngdc.cncb.ac.cn/tools/kaks) (Zhang 2022).
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Synteny and collinearity of NBLRRs among pearl
millet and other target species

The whole proteomes of B. distachyon, E. coracana, O.
sativa, S. bicolor and S. italica were aligned with C. ameri-
canus using the BLASTp program with the parameters of
e-value < le-5 and best five hits. The BLASTp outputs were
used to decipher the collinear blocks using MCScanX pro-
gram (Wang et al. 2012). Later, the syntenic and collinear
blocks of target NBLRRs were fetched and visualised with
TBtools v2.052 (https://bio.tools/tbtools) (Chen et al. 2023).

Promoter analysis of CaNBLRR genes

The 1.5 kb upstream promoter region from the start codon
of each CaNBLRR gene was fetched from the pearl millet
genome (Pearl_millet_v1_1.fa) downloaded from the ICRI-
SAT- Center of Excellence in Genomics & Systems Biol-
ogy server (https://cegresources.icrisat.org/data_public/Pearl
Millet_Genome/v1.1/). Further, all the promoter sequences
were analysed for cis-acting elements with the PlantCare
server (http://bioinformatics.psb.ugent.be/webtools/plant
care/html) (Lescot et al. 2002). The predicted cis-acting
elements were classified into subcategories, and the distri-
bution was visualized within the 1.5 kb upstream regions of
CaNBLRRs.

Plant materials and pathogen inoculation

The highly virulent strain of Magnaporthe grisea (PMg_DI)
was used to infect two pearl millet genotypes; viz. ICMB
95444 (susceptible) and IP 11353 (resistant) showed con-
trasting responses to blast infection. Pathogen revival and
culture inoculation were done as per our previous protocol
(Bansal et al. 2024), and the control plants were sprayed
with sterile water. In order to facilitate the infection, all the
plants were kept in a growth chamber with 26 +1 “C and
90% relative humidity. The experiment was plotted in CRD
design with three replications for each treatment and control,
and each replication carried ten plants. The blast severity
was recorded on pearl millet based on a 0-9 disease scale
grade on seven days post-inoculation (dpi) (Ganesan et al.
2016) (Table S1). The mean disease scale scores were con-
sidered for statistical analysis using the web-agri-stat soft-
ware (WASP 2.0) package (https://ccari.icar.gov.in/wasp2.0/
index.php). The plant samples were collected at 0, 24 and
72 h (h) post-inoculation (hpi) for further analysis.

RNA isolation, cDNA synthesis and qRT-PCR analysis
Total RNA was isolated using a Trizol reagent (Invitrogen,

Carlsbad, CA, USA). RNA was converted to cDNA using
a cDNA synthesis kit (Thermo Fisher Scientific, Waltham,
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MA, USA) as per the manufacturer’s protocol. The cDNA
was checked using endogenous control provided with the
cDNA synthesis kit and subsequently diluted to be used as
a template for qRT-PCR. Gene-specific primer pairs were
designed using IDT (https://www.idtdna.com/pages/tools/
primerquest) and Primer 3 (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) servers (Table S2). The actin gene was
taken as an endogenous control for qRT-PCR expression
analysis. The qRT-PCR reaction mixture comprised of 50 ng
cDNA, 5 pmol of each forward and reverse primer, 5 pl of
SYBR Green PCR master mix 2X (Promega, Madison, WI,
USA) and the final volume was maintained with nuclease-
free water to 10 pl. All the reactions were carried out in trip-
licates. The reactions were carried out on LightCycler® 96
System (Roche Life Science, Penzberg, Germany) with the
following reaction conditions: 95 °C for 2 min for one cycle,
95 °C for 30 s and 55 °C for 1 min for 40 cycles and melting
curve analysis with 95 °C for 15 s, 60 C for 1 min and 95 °C
for 15 s. The relative gene expression levels were calculated
using 2724 or Livak method (Livak and Schmittgen 2001).

Prediction and evaluation of protein 3D models

The amino acid sequences of ten CaNBLRRs used for
expression analysis were selected for constructing the 3D
models using the Robetta server (https://robetta.bakerlab.
org/) (Baek et al. 2021) with a confidence score of >0.75.
The predicted protein structures were evaluated using
UCLA-DOE LAB—SAVES v6.0 (https://saves.mbi.ucla.
edu/) server for ERRAT (Colovos and Yeates 1993), VER-
IFY 3D (Bowie et al. 1991; Liithy et al. 1992; Eisenberg
et al. 1997) and PROCHECK (Laskowski et al. 1993) scores.

NBLRR-effector interaction through molecular
docking analysis

The cloned effector proteins of M. oryzae, viz. CCN97897.1
(Avr-Pi54), AIS23643.1 (Avr-Pi9), BAH59485.1 (Avr-
Pii) and AAKOO131.1 (Avr-Pita) retrieved from NCBI
database (https://www.ncbi.nlm.nih.gov/) were BLASTp
(e-value < le-5) aligned against the proteome of M. gri-
sea (Prakash et al. 2019). The five effector hits from
M.grisea based on BLASTDp hits, viz. Mg.00g020410.m01,
Mg.00g064570.m01, Mg.00g013260.m01, Mg.00g012780.
mO1 and Mg.00g006570.m01 with BLAST +2.10.1 were
used to construct the 3D models using Robetta server
(https://robetta.bakerlab.org/). Further, for docking analy-
sis, CaNBLRR20 and CaNBLRR78 host proteins were
selected based on qRT-PCR expression results. The LZerD
web server (https://1zerd.kiharalab.org/about/) (Christoffer
et al. 2021b, a) was employed for docking of CaNBLRR20
and CaNBLRR78 with the above five effector proteins using
default parameters. The best docking models were selected
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based on the lowest rank sum score. The docking interac-
tions between LRR domains of CaNBLRRs and effector
protein were considered for subsequent analysis and visu-
alization. The docking models were visualized and analysed
using the LigPlot™ v.2.2 software (Laskowski and Swindells
2011).

Results

Mining, chromosomal distribution
and characterization of NBLRR of pearl millet

The genome-wide mining of NBLRR genes in pearl millet
using homology-based BLASTp search, HMMsearch and
HMMScan resulted in 146 CaNBLRRs, showing character-
istic features of NB-ARC domain towards N-terminal and
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the corresponding molecular weight (MWs) of 52.56 and
177.66 kDa. The 76 CaNBLRR proteins showed an isoelec-
tric point of pI <7 (5.2-6.88) with acidic properties, and
65 showed pI>7 (7.02-9.24) with basic properties. Inter-
estingly, CaNBLRR141 was found to have a neutral pH,
i.e. 7.00. The GRAVY index measures hydropathy, and all
the CaNBLRR proteins showed negative GRAVY values,
indicating the hydrophilic nature of CaNBLRR proteins
(Table S3).

Gene structure and motif analysis of CaNBLRRs

The domains are the essential features of any gene/protein
family. The NB and LRR motifs were visualized on target
CaNBLRR proteins to know their distribution (Fig. S2a).
The motifs are short, recurring patterns in protein sequences
that mediate the regulatory functions of the sequence. The
MEME server identified the ten conserved motifs distributed
among the 146 CaNBLRR proteins. The conserved motifs
sequences showed the general order motif 6, 2, 10, 8, 3, 1,
7,4,9 and 5. Among the ten motifs, motif 5 was present in
all the genes in multiple copies except for CaNBLRR34,
which has only one copy. The position of motif 5 remained
conserved in 91% of CaNBLRRs. The 56% CaNBLRRs har-
boured all ten motifs, where motif 6 was missing in 25.3%
CaNBLRRs, followed by motif 2 (19.1%) and motif 10
(17.1%) (Fig. S2b, Fig. S3).

Deciphering the number of introns and exons Introns is
crucial to knowing the splice variants or protein repertoire
by alternative splicing mechanisms. The CaNBLRR coding
sequences ranged in size from 1.0 kb to 5.0 kb, with the
majority (54%) being between 2 and 3 kb, followed by 3 to
4 kb (31%),>4 kb (10%), and 5% <2 kb. The gene struc-
ture analysis showed that the number of coding sequences
present in the gene sequences of pearl millet ranges from
one (28%) to seven (CaNBLRR43) (Table S3; Fig. S2¢).
The majority of the intronic sequences were found in phase
0 (69.01%), followed by phase 1 (20.08%) and phase 2
(10.12%) (Fig. S2c).

Evolutionary analysis of NBLRR genes in pearl millet
and target species

Duplication and selection pressure analysis

Gene duplications mediate the expansion of gene families
and generate new members that can add to functional vari-
ation and the evolution of new functions. Gene duplication
analysis was performed to decipher the kind of duplica-
tions and selection shaping the expansion of NBLRRs
within the pearl millet genome. The duplication analy-
sis showed the contribution of single gene duplications
in the expansion of CaNBLRRs (Fig. 2a; Table S4). A
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total of 143 CaNBLRRs showed duplication encompass-
ing dispersed (86), proximal (34) and tandem (23) dupli-
cations (Fig. 2b; Table S3). Further, the 143 duplicated
CaNBLRRs formed 158 duplication pairs encompassing 19
proximal 12 tandem and 127 dispersed duplication pairs
(Fig. 2c). Among the proximal duplication, CaNBLRR3,
CaNBLRR22, CaNBLRR92, and CaNBLRR104 showed
one-to-two duplication (Fig. 2a; Table S3). Similarly,
CaNBLRR132 exhibited one-to-two tandem duplication.
In the case of dispersed duplication, 127 pairs have har-
boured all kinds of duplications, i.e. one-to-one, one-to-
many and many-to-many. The selection pressure analysis
was performed by deciphering the non-synonymous (Ka)
and synonymous substitutions (Ks) ratio, which is used to
infer the direction and magnitude of natural selection act-
ing on protein-coding genes. The CaNBLRR duplication
pairs showed the mean Ka/Ks ratio of 0.34 with the range
of 0.14 (CaNBLRR56-CaNBLRR57) to 0.74 (CaNBLRR49-
CaNBLRR50), suggesting the expansion of CaNBLRRs
under strong purifying selection (Fig. 2d; Table S4).

Phylogenetic analysis of NBLRR genes

Phylogenetics of target protein sequences of a gene fam-
ily among different species gives an in-depth insight into
how the protein sequences are related and evolved through
evolutionary changes. The phylogenetics of NBLRRs was
worked out to decipher the evolutionary relationship among
1103 NBLRR sequences from B. distachyon, C. americanus,
E. coracana, O. sativa, S. bicolor and S. italica. The phylo-
genetic tree was constructed using the maximum likelihood
method with the best-fit model JTT + F+R7 (Fig. 3; Fig.
S4). The 1103 NBLRRs were clustered into eight different
clades, viz. I to VIII (Fig. 3a). The cluster-VIII encompasses
the maximum number of NBLRRs (284) followed by cluster-
IV (187), cluster-1II (179), cluster-I (131), cluster-V (114),
cluster-VII (89), cluster-1II (68) and cluster-VI (51) (Fig. 3b).
Further, every cluster showed representation from all the
six target species, indicating the mixed grouping patterns
of NBLRRs in Poaceae lineage. The branch length in phy-
logenetics indicates the extent of genetic changes in terms
of the average number of nucleotide or protein substitutions
per site. Thus, the branch length of entities typically depicts
the genetic changes and divergence of the entities. The phy-
logenetics of NBLRRs showed broad variations in branch
length ranging from 2.021 x 107° (SbNBLRR75) to 2.52
(OsNBLRR175) (Fig. 3a). The significant variation in the
branch length indicates the active divergence of NBLRRs in
response to pathogen pressure during the process of evolu-
tion. Further, the mixed grouping of NBLRRs indicates the
evolution of founder NBLRRs prior to the divergence of
target species in the Poaceae lineage.
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Fig.2 The expansion of NBLRRs in the pearl millet genome. a The
chromosomal location and kinds of duplication of CaNBLRR genes in
the pearl millet genome. The orange, blue and green coloured linked
lines in a duplication circos represent dispersed, proximal and tan-
dem duplications, respectively. b The Venn diagram shows the num-
ber and percentages of CaNBLRR genes showing different kinds of

Ortholog and synteny of pearl millet NBLRRs with other
target species

The ortholog analysis was performed to decipher the orthology
and evolutionary forces shaping the divergence of NBLRRs
in the Poaceae lineage. The CaNBLRRs showed maximum
orthology with S. italica (73.97%) followed by S. bicolor
(69.18%), O. sativa (65.75%), B. distachyon (46.58%) and E.
coracana (45.21%). At the same time, the NBLRRs from S.
italica, S. bicolor, E. coracana, B. distachyon and O. sativa
showed 61.73, 58.59, 55.17, 52.83 and 43.98% of orthology
with CaNBLRRs, respectively. The orthology analysis showed
a higher representation of many-to-one orthologs compared
to other categories with a range of 19-53%, indication the
loss of NBLRRs in the lineage of target species. Further, a
higher proportion of one-to-one orthology was observed
among the closely related lineages, for instance CaNBLRRs-
SbNBLRRs (51%), CaNBLRRs- SiNBLRRs (44%), SbN-
BLRRs- SiNBLRRs (48%), SONBLRRs- CaNBLRRs (45%),
whereas the inverse association of one-to-many and many-to-
many orthologs were observed with genetic relatedness of the
species (Fig. 4a). The reconciliation of species tree with the
phylogenetic tree of NBLRRs also showed the predominance

B Tandem ® Proximal W Dispersed ®Tandem m Proximal m Dispersed

EZ Ka (Non synonymous mutation)
E= Ks (Synonymous mutation)
B3 KalKs (Ratio)

T

-

2 2 2
¢ XC &

duplications. ¢ The Venn diagram shows the number and percentages
of different kinds of duplication pairs among CaNBLRRs. d The box-
plot shows non-synonymous (Ka), synonymous (Ks) and the ratio of
non-synonymous to synonymous (Ka/Ks) substitutions among CaN-
BLRR duplication pairs

of gene loss events than gene gains in the ancestral lineage
of target species (Fig. 4b). The ratio of mean non-synon-
ymous (mean=0.33; range: 0.01-0.82) and synonymous
(mean=1.07; range =0.06-2.96) showed the predominance
of purifying or negative selection pressure (mean=0.34;
range =0.04-0.76) in the expansion of NBLRRs in Poaceae
lineage (Table S5).

The syntenic analysis of pearl millet NBLRRs with
NBLRRs from S. italica, S. bicolor, E. coracana, B. distach-
yon and O. sativa was performed to decipher the synteny and
collinearity association (Fig. Sa—e; Table S6). The CaNBLRRs
showed maximum syntenic blocks with E. coracana (37) fol-
lowed by S. italica (32), S. bicolor (29), O. sativa (25) and B.
distachyon (16). In comparison, the maximum syntenic gene
pairs were detected with S. italica (48) followed by S. bicolor
47), E. coracana (42), O. sativa (32) and B. distachyon (17)
(Fig. 51).
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«Fig.3 The phylogenetics of NBLRRs of Poaceae members. a The
phylogenetic tree based on the maximum likelihood method with
1000 bootstraps shows an evolutionary association among 1103
NBLRRs from C. americanus, B. distachyon, E. coracana, O. sativa,
S. bicolor and S. itlaica. b The bar graph shows the clade and spe-
cies-wise distribution of NBLRRs in the phylogenetic tree. The
numerals in different coloured boxes below the bar graphs represent
the total number of NBLRRs in the respective coloured clade

Functional analysis of the NBLRR genes in pearl
millet

Promotor analysis of NBLRR genes

The cis-acting elements are known to modulate the gene
expression. The PlantCARE database generated a list of 96
different kinds of cis-acting elements in the 1.5 kb upstream
sequence of 146 CaNBLRR genes. The 96 types of cis-ele-
ments are categorized under 5 categories, viz. core promo-
tor (CPE), growth and development (GDE), light responsive
(LRE), hormone-responsive (HRE) and stress-responsive
(SRE) elements (Fig. S5-S10). The core promotor sequence
comprised of mainly four elements: TATA Box, CAAT Box,
AT ~TATA and TATA present in all 146 genes. TATA Box
was also present in all genes except in CaNBLRRS5, CaN-
BLRR32 and CaNBLRR125, while AT~TATA was found
only in 41.7% of genes (Fig. S6). A total of 452 growth
and development (GDE)-related elements belonging to 21
different types were identified in all the genes, except CaN-
BLRR32, CaNBLRR47 CaNBLRR60, CaNBLRR64, CaN-
BLRR70, CaNBLRR78, CaNBLRR89, CaNBLRR94 and
CaNBLRR96 (Fig. S7). Elements associated with meristem
expression (CAT-Box), growth-responsive element (AAGAA-
motif), meristem specific activation (CCGTCC motif), and
zein metabolism regulation (O,-site) were found in maxi-
mum frequency in nearly 50.6%, 45.2%, 40.41% and 31.5%
of the genes (Fig. S7). In response to light, plants undergo a
wide array of physiological activities, some of which include
gravitropism, seed germination, circadian rhythms, etc. Sev-
eral cis-elements further regulate the light-controlled gene
expression. The 145 promoters showed 1098 cis-elements
of 35 distinct categories, except CaNBLRR122, which was
devoid of any light-sensitive elements. G-Box, Box4 and Sp1
were predominant light-responsive elements of CaNBLRR
genes with percent frequency of 77.39, 41.78 and 41.78%,
respectively (Fig. S8).

Plants encounter a variety of abiotic and biotic stresses,
which causes the plant to undergo a reprogramming in
gene expression to withstand them. This adaptation is
accomplished by cis-elements-transcription factors (TFs)
interactions (Sheshadri et al. 2016). In total, 3825 stress-
responsive elements (SRE) belonging to 29 categories were
identified in CaNBLRR promoter sequences. Among the
SREs, the maximum representations are observed from

MYB (14.24%) followed by MYC (11.11%), STRE (9.43%),
ABRE (7.47%), CGTCA-motif, TGACG-motif, as-1 (6.35%),
and ARE (5.12%). The distribution of these specific SRE
varied among different genes. The MYB elements are pre-
sent in 97.94% of CaNBLLRs. Similarly, MYC, ABRE,
STRE, CGTCA-motif, TGACG-motif and as-1 were present
in 73-88% of CaNBLLRs. Interestingly, the CaNBLRR32
did not show any SRE (Fig. S9). The hormone-responsive
elements (HRE) constituted seven types of cis-acting dis-
tributed in 108 CaNBLRR elements with minimum repre-
sentation (183) among all the five functional categories. The
TGA-element (auxin-responsive element) was found in 52
CaNBLRRs, followed by the two gibberellin-responsive ele-
ments, viz. P-box (42), GARE-motif (31), (Fig. S10).

Blast severity and disease incidence

Two pearl millet genotypes, namely ICMB 95444 (suscepti-
ble) and IP 11353 (resistant), challenged with M. grisea vir-
ulent inoculum, showed a contrasting disease reaction under
artificial epiphytotic conditions. The initial symptoms start
with tiny specks or lesions that broaden and turn necrotic,
resulting in widespread chlorosis and, ultimately, drying of
young leaves at seven days post inoculation (Fig. 6). The
blast severity was calculated based on the percent disease
incidence revealed that susceptible line (ICMB 95444)
showed up to 86.66% disease severity and resistant line (IP
11353) showed 12.22% blast severity. No blast symptoms
were observed in the absolute control plants, which were
remains healthy during the study period (Table 1).

Relative expression analysis of candidate CaNBLRR genes
against M. grisea infection

The qRT-PCR analysis expression was performed to study
the CaNBLRRs response to M. grisea infection analysis.
The ten CaNBLRRs are selected based on chromosomal
distributions. The upregulated expression of CaNBLRR20,
CaNBLRR33 and CaNBLRR146 up to 8, 2.5 and 2.5 folds,
respectively, at 24 hpi, followed by declined expressions at
72 h was observed in the resistant line (IP 11353) compared
to the susceptible line (ICMB 95444) (Fig. 7). The similar
trend of expression was also observed for CaNBLRR113,;
however, the expression fold change was very low (< 1).
The CaNBLRR46, CaNBLRR51 and CaNBLRR78 showed
consistent enhanced expression in the resistant genotype
(IP 11353) compared to susceptible genotype ICMB 95444
at both 24 and 72 hpi (Fig. 7). On the contrary, the sig-
nificant downregulation of CaNBLRR52 and CaNBLRR120
was observed in resistant genotype (IP 11353) compared to
susceptible genotype ICMB 95444 at both 24 and 72 hpi
(Fig. 7). However, CaNBLRR92 showed significant down-
regulation at 24 hpi and non-significant expression at 72 hpi
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Fig.4 The orthology among the NBLRRs of Poaceae members. a
The Venn diagrams show the different kinds of orthologous analy-
sis among the NBLRR members of the Poaceae species. The blue,
orange, grey and yellow coloured slices represent percent one-to-one,
one-to-many, many-to-one and many-to-many orthologs. The values

in resistant line IP 11353 as compared to susceptible geno-
type ICMB 95444 (Fig. 7). Overall, it can be summarized
that out of 10 CaNBLRR candidate genes, three genes (CaN-
BLRR20, CaNBLRR33, CaNBLRR 146) were positively regu-
lated by infection process at 24 hpi indicating these could
be involved in early responsiveness during the infection pro-
cess. Whereas CaNBLRR51, CaNBLRR78 and CaNBLRR46
were positively regulated by the infection process at 24 and
72 hpi suggesting their role in early and late infection pro-
cesses (Fig. 7). Overall, the qRT-PCR results indicate that
CaNBLRR20, CaNBLRR33, CaNBLRR46, CaNBLRRS51,
CaNBLRR78 and CaNBLRR146 the idea that these genes
may have a role in plant defence against M. grisea but up to
what extent that needs to be confirmed by the more detailed
study. Also, the variations between susceptible and resistant
lines may be attributed to the genetic makeup of both lines.

Modelling and validation of 3D protein structure

The amino acid sequences of ten genes used for expres-
sion analysis were used to model the 3D structures. The
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in the diagonal boxes represent the total number of NBLRRs in each
species. b The summary of NBLRRs' loss and gain events across
the phylogenetic tree shows NBLRRs' divergence among the target
Poaceae members

modelled 3D structures showing a confidence score of >0.75
were selected from the Robetta server. The CaNBLRR 3D
structures analysis through the Ramachandran plot revealed
the distribution of 90-93.6% residues in the most favoured
region. Further, only three proteins, viz. CaNBLRR33
(0.5%), CaNBLRR52 (0.5%) and CaNBLRR92 (0.2%) had
their residues in the disallowed region. The remaining resi-
dues for all proteins were mainly concentrated in the addi-
tionally allowed region (6.1-10%). Further, CANBLRR33,
CaNBLRR46, CaNBLRR52, CaNBLRR78, CaNBLRR92,
CaNBLRR113 and CaNBLRR120 showed 0.2 to 0.8%
residues in the generously allowed regions (Fig. S11). The
ERRAT score of the ten CaNBLRRs was in the range of 92
(CaNBLRR46) — 99 (CaNBLRR78, CaNBLRR92), while
the verify-3D score was in the range of 80.76-97.81 (Fig. 8a;
Table 2).

Molecular docking of NBLRRs and effector interaction

The molecular interactions between the R proteins of the
host and the effectors of the pathogen molecular basis for
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Fig.5 The syntenic association of CaNBLRRs with NBLRRs of other
Poaceae members. a Pearl millet (orange bars) with E. coracana
(dark green bars). b Pearl millet (orange bars) with B. distachyon
(green bars). ¢ Pearl millet (orange bars) with O. sativa (red bars).

host—pathogen interactions. Molecular docking of proteins
allows the investigation of the various putative binding pat-
terns and interactions with target receptors. The online LzerD
web server (https://1zerd.kiharalab.org/about/) was employed
for docking CaNBLRRs with effector proteins using default
parameters. Since CaNBLRR20 and CaNBLRR78 genes
showed the highest expressions, their protein models were
considered as receptors. Where the homologs of Avr-Pi54
(Mg.00g020410.m01), Avr-Pi9 (Mg.00g064570.m01), Avr-
Pii (Mg.00g013260.m01) and Avr-Pita (Mg.00g006570.
mO01 and Mg.00g012780.m01) effectors from M. grisea
were considered for docking and 3D models were predicted
with Robetta server. Among all the docking interactions, the
LRR domains of CANBLRR20 and CaNBLRR78, showing
docking interaction with effectors Mg.00g006570.m01 and
Mg.00g064570.m01, respectively, were selected for docking
analysis (Fig. S12; Fig. 8b, c¢). The molecular interaction
between CaNBLRR20 and effectors Mg.00g006570.m01
three hydrogen bonds between His594 (CaNBLRR20)-
Tyr390 (Mg.00g006570.m01) in the LRR, and Gly180
(CaNBLRR20)—Arg471 (Mg.00g006570.m01) and Argl11
(CaNBLRR20)—Glu470 & Leu467 (Mg.00g006570.m01)
in non-LRR regions of CaNBLRR20 (Fig. 8b). Similarly,
CaNBLRR78 and effectors Mg.00g064570.m01 showed
all three hydrogen bonds in the LRR region, viz. Arg932
(CaNBLRR78)-Asn33 (Mg.00g064570.m01) and Thr931

m Alignment Block m Collinear Pairs

50

47 48
42
40 37
32 32
30 29
25
20 16 17
; JI
0

Brachypodium
distachyon

Eleusine Setaria italica

coracana

Oryza sativa Sorghum

bicolor

d Pear]l millet (orange bars) with S. bicolor (blue bars). e Pearl mil-
let (orange bars) with S. itlaica (yellow bars). f The bar graphs show
the syntenic alignment blocks and collinear pairs between CaNBLRRs
and NBLRRs of other Poaceae members

(CaNBLRR78)-Argl12 (Mg.00g064570.m01) (Fig. 8c).
Besides the amino acids showing hydrogen bonds, 20
(Ser757, Thr758, Lys779, Phe803, 11e805, Ser806, Lys807,
Ala808, His829, I1e831, Cys832, Ser834, Arg853, Pro855,
Asn857, 11e880, Ser882, Asp915, His930, Gly933), 11
(Metl, Leu3, Phe6, Val7, Ile9, LeulO, Thrl1, Vall3, Ile14,
Cysl5, GIn71), 14 (Thr79, Ala82, Ser88, Asn89, Phe97,
Phel00, Vall12, His115, GIn119, Asp122, Leu568, Ser569,
Lys591, Phe593) and 9 (Pro386, Ser387, Phe388, Asp389,
Gly391, Val394, Val395, Thr510, GIn646) amino acid resi-
dues in CaNBLRR78, Mg.00g064570.m01, CaNBLRR20
and Mg.00g006570.m01, respectively showed exclusively
hydrophobic interactions (Fig. 8b, c).

Discussion

Pearl millet is an important member of the millet family and
has been immensely valued for its nutritional richness and
ability to withstand considerable drought and high-temper-
ature stresses. However, pearl millet's potential cannot be
exploited to its fullest owing to various biotic constraints,
including pests and diseases. In order to minimize the dam-
age of pathogens, the precise development of resistant
lines against pathogens and identify the genes involved in
plant defence mechanisms are most crucial. Unfortunately,
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ICMB 95444 (susceptible)
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lcm ICMB 95444 (susceptible)

Fig.6 The phenotypic response of pearl millet lines ICMB 95444
(susceptible) and IP 11353 (resistant) to M.grisea infection. a The
phenotypic response of ICMB 95444 (susceptible) line at 0 h of inoc-
ulation. b The phenotypic response of ICMB 95444 (susceptible) line
at seventh-day post-inoculation. ¢ Close-up view of blast symptoms
on ICMB 95444 (susceptible) genotype. d The phenotypic response
of IP 11353 (resistant) line at O h of inoculation. e The phenotypic

Table1 The pearl millet lines ICMB 95444 (susceptible) and IP
11353 (resistant) severity and statistical significance of disease inci-
dence to M. grisea infection

Pearl millet cultivars Percent disease

incidence
(PDD)"
1. ICMB 95444 — Treated 86.66°
2. ICMB 95444 — Control 0.00°
3. 1P 11353 — Treated 12.22°
4. 1P 11353 — Control 0.00°
CD (P=0.05) 0.58
SE(d) 3.34
SE(m) 0.53

Note: The PDI values without significant differences are super-
scripted with same alphabet letters
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response of IP 11353 (resistant) line at the seventh-day post-inocula-
tion. f Close-up view of blast symptoms on IP 11353 (resistant) gen-
otype. g The comparative blast incidence on control and inoculated
leaves of ICMB 95444 (susceptible) on the seventh-day of post-inoc-
ulation. h The comparative blast incidence on control and inoculated
leaves of IP 11353 (resistant) on the seventh-day of post-inoculation

despite the benefits pearl millet offers, it has been less
explored for host—pathogen interactions at the molecular
level. Plant—pathogen interaction involves the interaction
of virulence (vir/effector) factors with plant resistance (R)
genes. It has been found that most of the R genes in plants
are comprised of NBS and LRR domains, which impart
resistance to plants. The widespread existence of NBLRRs
across the plant kingdom, viz. angiosperms, gymnosperms
and non-vascular plants, indicates their importance in plants
(McHale et al. 2006).

The present investigation mined 146 CaNBLRRs based
on homology-based BLAST followed by HMMSearch and
HMMScan with the Pfam database. In order to investigate
the evolutionary patterns of pearl millet NBLRRs, we have
included the 159, 116, 241, 198 and 243 NBLRR homologs
from B. distachyon, E. coracana, O. sativa, S. bicolor and
S. italica, respectively, using the similar approach used for
mining CaNBLRRs (Balamurugan et al. 2024). The protein
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Fig.7 The expression profiles of ten CaNBLRR genes in the sus-
ceptible (ICMB 95444) and resistant (IP11353) genotyping showing
contrasting responses to M. grisea infection at 24 h and 72 h of post-
inoculation periods. The main bars represent mean fold change values

length of the mined NBLRR genes ranges from 461 to
1584 amino acids with the corresponding molecular weight
(MWs) of 52.56 and 177.66 kDa, which is on par with previ-
ous reports in various crops, viz. 663 to 1613 amino acids
having molecular weights of 75.57 and 182.73 kDa in Chi-
nese cabbage (Liu et al. 2021), 352-2101 amino acids with
40.2 kDa and 240.4 kDa in grapes (Goyal et al. 2020) and
111-1632 amino acids with 12.72-182.40 kDa in Raphanus
sativus (Ma et al. 2021). The pl value is the nature of the
predicted protein, which may be either acidic or basic. In
our study, the pI value ranges from 5.22 to 9.24. A simi-
lar range was also found in NBLRR members of Raphanus
sativus (4.77-9.60) (Ma et al. 2021), cucumber (5.57-9.15)
(Zhang et al. 2022) and Chinese cabbage (5.42-8.98) (Liu
et al. 2021).

The significance of R proteins in pathogen resistance is
substantially impacted by their subcellular location. Numer-
ous R proteins have been found to localize in the nucleus and
cytoplasm; even most R proteins lacked nuclear localization

over the control (0 h), and the error bars represent standard error val-
ues. The two-way ANOVA analysis was carried out to determine the
statistical significance at *P <0.05, **P <0.001, and ***P <0.0001

signals (Meier and Somers 2011). In the case of maize,
RppM was known to target both the nucleus and cytoplasm,
which happens to be essential for regulating the resistance
against southern corn rust (Wang et al. 2022). The NBLRR
protein Pi64 in rice provides resistance against M. oryzae
and also shows subcellular localization in the nucleus and
cytoplasm (Ma et al. 2015). Accordingly, the subcellular
localization of CaNBLRRs in the current investigation
showed major distribution in the cytoplasm and nucleus
(Fig. S1). Besides, the Trifolium alexandrinum showed the
distribution of NBLRRs in 12 different cellular compart-
ments in addition to cytoplasm and nucleus (Nasir et al.
2021). In the present study, genes were unevenly distributed
across the seven chromosomes. The uneven distribution of
NBLRRs in plant genomes is common, viz. Actinidia chin-
ensis (Wang et al. 2020), Medicago truncatula (Ameline-
Torregrosa et al. 2008), and soybean (Kang et al. 2012). The
maximum number of genes were located in chromosome
4 (37), followed by chromosome 1 (35). Accordingly, the
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recent studies on QTL mapping for blast resistance in pearl
millet showed five major QTL with phenotypic variations
ranging from 11.21 to 18.45% on chromosome 4 and three
major QTL with 10.08 to 13.44% on chromosome 1 (Pujar
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et al. 2023). Furthermore, chromosome 4 has major QTLs
with phenotypic variations (16.70 to 78.00%) for Downey
mildew resistance in pearl millet (Chelpuri et al. 2019).
The co-occurrence of NBLRRs with disease resistance



Planta (2024) 259:143

Page 150f20 143

«Fig.8 The 3D models and docking analysis of CaNBLRR proteins.
a The 3D structure of CaNBLRRs. The indigo and red colours rep-
resent the NB-ARC and LRR domains, respectively. b The molecular
docking pose of CaNBLRR20 with Mg.00g006570.m01 (Avr-Pita).
The red portion shows the LRR domain of CaNBLRR20, and the
cyan portion represents the effector protein Mg.00g006570.m01 (Avr-
Pita). ¢ The amino acid residues of CaNBLRR20 and Mg.00g006570.
mOl (Avr-Pita) showing various molecular interactions. ¢ The
molecular docking of CaNBLRR78 with Mg.00g064570.m01 (Avr-
Pi9). The red portion shows the LRR domain of CaNBLRR78, and
the green portion represents the effector protein Mg.00g064570.m01
(Avr-Pi9). The amino acids of CaNBLRR78 and Mg.00g064570.m01
(Avr-Pi9) showing various molecular interactions. Note: The green
and red dotted lines in sections b and ¢ represent the hydrogen bonds
and salt bridges, respectively, and the amino acid residues with ray
lines indicate hydrophobic interactions

associated with QTL on the same chromosome has also been
highlighted in various crop species (Goyal et al. 2020).

Structural analysis of CaNBLRR genes showed vary-
ing numbers of exons across the genes ranging from 1 to 7,
while introns in the range of 0-6. Except for CaNBLRR17,
CaNBLRR18, CaNBLRR40, and CaNBLRR41, all the genes
carry introns of different phases. The majority of introns are
in phase 0 (64%), which implies they are located between the
two codons. Few introns are in phase 1, implying that these
introns disrupted a codon between the first and second nucle-
otides. Phase 2 has the fewest introns, which obstruct the
codon at bases 2 and 3. The NBLRRs showed similar kinds
of exon-intronic distributions in grass pea (up to 7 exons
and 6 introns) (Alsamman et al. 2023) and sweet orange
(1-12 exons and 0-11 introns) (Yin et al. 2023). The exon/
intronic diversity in NBLRR genes is pivotal to understand-
ing the diverged evolution of gene families, which is further
indicative of gain or loss or insertion or deletion events dur-
ing evolution, leading to structural and functional variability
(Roy and Gilbert 2005; Xu et al. 2012).

NBLRR protein is composed of NB-ARC, which is con-
stituted of multiple motifs and leucine-rich repeats. Each of
these component domains is crucial for the proper function-
ing of NBLRRs. In pearl millet NBLRRs, the best ten motifs
were studied for their presence and distribution. Motifs 2, 3,
7-10 were annotated to the NB-ARC domain, motif 5 to the
LRR domain, and motif 6 to the Rx-CC domain. Nearly sim-
ilar motif distribution patterns were observed in chickpeas
(Sagi et al. 2017) and Vitis vinifera (Goyal et al. 2020). The
repeated occurrence of motif 5 corresponding to leucine-
rich repeats in CaNBLRRs is an indication of the important
role it plays in pathogenesis. The LRR region is known for
mediating protein (R)-protein (Avr) interactions, besides cell
adhesion and transport (Wang et al. 2023). Despite the con-
served nature, the LRR regions undergo diversifying selec-
tion, which is attributed to their ability to recognize specific
effector molecules to impart specific resistance against a
wide array of pathogens and their races (Marone et al. 2013).

Further, motif 6 with conserved sequence EDVID facilitates
intramolecular interaction with the NB domain, as was seen
in Rx (CC-NB-LRR protein), which provides resistance to
Potato virus X (Rairdan et al. 2008). The motif 2 correspond-
ing to the P-loop harbouring GXXXXGK (T/S) is linked to
nucleotide binding through phosphate and Mg>*, and any
mutation in the P-loop leads to impaired gene function (Wil-
liams et al. 2011). Motif 9 is present in 94.5% of CaNBLRR
codes for methionine, histidine and aspartate (MHD) motifs.
MHD histidine binds to the beta phosphate of ADP, and
mutation in it could disrupt the inert ADP-bound protein
complex, permitting the exchange of nucleotides and protein
activation. Aspartate mutations may cause the histidine to
displace from its location, which would reduce its ability to
suppress the R protein. It could also have a negative impact
on the interaction between the NB and ARC2 subdomains,
disrupting the closed, inactive protein conformation (van
Ooijen et al. 2008). Kinase 2, corresponding to motif 8,
channelizes phosphate transfer reaction and is comprised of
four hydrophobic amino acid moieties followed by aspartic
acid moieties important for co-ordinating metal ions (Mg>*)
(Wang et al. 2023). Motif 3 represents the GLPL motif and
mainly acts as a binding site, while motif 7 corresponds to
the RNBS-D motif and is involved in forming the NBLRR
interface (Martin et al. 2022). The signal transduction mech-
anism of the NBS domain is modulated by the CC and LRR
domains, both of which function in a recognition-dependent
manner. This benefits the development of the NBLRR func-
tion model recognition specificities.

The gene duplications and losses are crucial for evolu-
tion and structural and functional diversifications in nature.
The gene duplications and losses contributed to the expan-
sion and diversification of NBLRRs in the Poaceae lineage
(Fig. 4b). The single gene duplication events shaped the
CaNBLRRs expansion under purifying selection pressure
in Poaceae lineage (Fig. 4b). The prominence of purify-
ing selection on the expansion of NBLRRs within the pearl
millet and Poaceae lineage showed the elimination of del-
eterious mutations during evolutionary lineages. The major
portion of many-to-one NBLRRs orthologs in the Poaceae
lineage also confirms the role of gene loss events in diver-
sifying NBLRRs in the lineage of pearl millet and Poaceae
members. The same results were also observed among the
Poaceae NBLRRs, excluding CaNBLRRs (Balamurugan
et al. 2024). The differential gains and losses lead to con-
siderable variation in the number of genes in a gene fam-
ily. Further, some of the families show high turnover rates
over other gene families having similar sizes across species
(Wang et al. 2018; Fernandez and Gabaldén 2020). The
lineage-specific losses and gain of NBLRRs in Poacease
reflect the rapid changes in response to the evolution of new
races or pathotypes in the environment during the divergence
process (Wang et al. 2018).
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Table 2 The validation of

. Protein ERRAT  Verify3D (%) Ramachandran plot analysis
CaNBLRR 3D models using score (%) — .
Ramachandran plot, ERRAT Favored Additional Generously Disallowed
and VERIFY-3D analysis regions allowed region allowed region  region (%)
(%) (%) (%)
CaNBLRR20  97.78 81.65 92.40 7.60 0.00 0.00
CaNBLRR33  95.65 92.34 91.20 8.10 0.20 0.50
CaNBLRR46  92.31 92.62 91.80 7.40 0.80 0.00
CaNBLRR51  98.04 93.50 92.20 7.80 0.00 0.00
CaNBLRR52  96.56 90.56 90.60 8.40 0.50 0.50
CaNBLRR78  99.11 88.68 93.60 6.10 0.30 0.00
CaNBLRR92  99.44 90.91 93.00 6.60 0.20 0.20
CaNBLRR113 95.64 97.22 90.10 9.70 0.30 0.00
CaNBLRRI120 96.89 97.81 91.00 8.80 0.20 0.00
CaNBLRR146 97.05 80.76 90.00 100 0.00 0.00

Cis-acting elements recruit the transcriptional factors
near the transcription site and regulate corresponding gene
expression. The promoter sequence analysis of NBLRRs
resulted in various cis-acting elements falling under core
promoter, stress response, growth and development, light
response and hormone response. The four hormone-
responsive elements (methyl jasmonate, salicylic acid,
abscisic acid, ethylene-responsive) observed in CaNBLRRs
in our current investigation were also reported in grass
pea NBLRRs (Alsamman et al. 2023). The second high-
est contribution of stress-responsive elements to the pool
of cis-acting elements indicates the involvement of CaN-
BLRR genes in various biotic and abiotic stress responses.
The MYB binding elements in model plant Arabidopsis are
known to provide pathogen resistance by modulating the
salicylic acid (SA) biosynthetic pathway and are also known
to counteract the drought, salt and oxidative stresses simul-
taneously (Ambawat et al. 2013; Kim et al. 2020), and insect
infestations, viz. also Helicoverpa armigera (Shen et al.
2018). The conserved elements, viz. W box, TCA element, S
box, and GCC box have been visualized in pathogen-induced
gene promoters (Muthusamy et al. 2017). Pathogen infec-
tion triggers the accumulation of SA, which activates natriu-
retic peptide receptor 1 protein, followed by its transport
to the nucleus to bind to TGA class elements. As a result,
SA-responsive elements (TCA-element, SARE) present in
pathogenesis-related genes interact with TGA factors, mark-
ing the onset of systemic acquired resistance. Two elements
found in CaNBLRR gene As-1 (243) and G-box (323) have
been reported in rice, and these elements are associated with
themselves and other defence-related elements, viz. GSTs,
TGA family, and H-box to induce pathogen resistance (Kong
et al. 2018).

The qRT-PCR expression analysis of 10 CaNBLRRs in
response to M. grisea infection exhibited a characteristic
genotype and time intervals specific expression pattern in
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pearl millet. The CaNBLRR20, CaNBLRR33, CaNBLRR46,
CaNBLRR51, CaNBLRR78 and CaNBLRR146 upregu-
lated in pathogen challenged resistant genotype (IP11353)
when compared to pathogen challenged susceptible geno-
type (ICMB 95444). The CaNBLRR20, CaNBLRR33 and
CaNBLRR146 showed upregulation at 24 h, followed by a
drastic decline at 72 h. Meanwhile, CaNBLRR78 and CaN-
BLRR46 showed enhanced expression at 24 and 72 h. Varia-
tions in expression of some NBLRR genes at 24 h and some
at 72 h were also evident in sugarcane. T difference could
be attributed to the difference in response mechanism of
NBLRRs to pathogenesis (Jiang et al. 2023). CaNBLRR92
and CaNBLRRI120 showed significant down-regulation or
non-significant expressions.

NBLRR stimulate a strong ETT immune response through
directly or indirectly interacting with pathogen effectors and
results in an allergic reaction characterized by programmed
cell death to resist the invasion of the pathogen (Dangl
and Jones 2001). Thus, the CaNBLRR20 and CaNBLRR78
were selected for R-Avr molecular docking studies owing
to their maximum contrasting expression patterns among
susceptible and resistant cultivars. In the present study,
the effectors Avr-Pi9 (Mg.00g064570.m01) and Avr-Pita
(Mg.00g006570.m01) interacted with LRR domains of CaN-
BLRR78 than CaNBLRR?20, respectively, through hydrogen
bonds, which contributes to the protein complex stability.
The ligand binding process to proteins is facilitated through
various inter-atomic interactions, predominantly comprising
electrostatic and van der Waals interactions (B6hm 2003;
Dill and MacCallum 2012). The hydrogen bonding, salt
bridges, and metal interactions are crucial for electrostatic
complementarity between the proteins at the binding inter-
face. The hydrogen bonds are primary forms of electrostatic
interactions that contribute to this complementarity and play
a crucial role in the directional interactions that form the
basis of protein folding, protein structure, and molecular
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recognition. The specific and directional nature of the inter-
action between a protein and its interacting partner through
hydrogen bonding is a fundamental aspect of molecular rec-
ognition (Hubbard and Kamran Haider 2010). The hydrogen
bonds formed in CaNBLRR20-Mg.00g006570.m01 interac-
tion by Lys93, Gly108, Argl11 and His594 of CaNBLRR20,
and Argd71, Leud67, Tyr390, Glu383 of Mg.00g006570.
mO1. Similarly, CaNBLRR78-Mg.00g064570.m01 showed
Thr931 and Arg 932 from CaNBLRR78 and Asn93 and
Argl12 from Mg.00g064570.m01 forming hydrogen bonds.
The Arg residues contribute a maximum (4) for the hydro-
gen-bond formation in CaNBLRR-effector interactions.
Arginine plays a significant role in the energetic stabiliza-
tion of protein—protein complexes and is frequently in the
"hot spot" protein interfaces (Bogan and Thorn 1998). Fur-
thermore, Argl11 of CaNBLRR?20 formed the salt bridge
with Glu470 of Mg.00g006570.m01. Salt bridges influence
protein stability positively through electrostatic interactions
(Pylaeva et al. 2018).

Besides H-bonds, hydrophobic bonds are the additional
driving force required to maintain the conformational sta-
bility of proteins (Pace 1995). Diverse amino acids were
involved in hydrophobic interactions in variable numbers for
both proteins (Fig. 8b, ¢). Hydrophobic interactions entail
the interaction of non-polar segments of a molecule. In pro-
tein—ligand complexes, the non-polar segments located at
the interacting surfaces become buried upon binding. This
results in the displacement of water molecules, leading to an
increase in entropy. The hydrophobic interactions are driven
by entropy and have been demonstrated to play a critical role
in protein-ligand/protein interactions (Bohm 2003; Bissantz
et al. 2010).

Conclusions

The current investigation showed 146 CaNBLRRs in a pearl
millet genome. The motif analysis revealed highly con-
served signature sequences annotated with NB-ARC and
LRR domains. The significant association of cis-acting
elements with hormonal and stress responsiveness showed
the relevance of CaNBLRRs in regulating biotic stress tol-
erance. Evolutionary analysis revealed that the NBLRR in
the Poaceae lineage showed the expansion of CaNBLRRs
through single gene duplication events under purifying
selection and divergence through gene loss and gain events
in the lineage of pearl millet. The qRT-PCR expression
analysis identified the CaNBLRR33, CaNBLRR46, CaN-
BLRRS51, CaNBLRR78 and CaNBLRR 146 genes associated
with M.grisea infection and pathogenesis. The molecular
docking of CaNBLRR20 and CaNBLRR78 with Avr-Pita
(Mg.00g006570.m01) and Avr-Pi9 (Mg.00g064570.m01),
respectively, showed the interacting residues and kind of

interactions associated with pearl millet and M.grisea
interactions. The current investigation is the first report on
genome-wide identification and structural and evolutionary
analysis of NBLRRs in pearl millet. The results paved the
foundation for molecular resistance breeding by identify-
ing the set of CaNBLRRs, which could be further validated
through in-depth functional analysis using transgenics and
genome editing approaches.
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