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ABSTRACT: R genes with colossal contributions to disease resistance possess conserved domains with confounded
roles. Based on the conserved domains, R genes encoded proteins are classified. The members of nucleotide-binding
site, NBS-Leucine rich repeats, LRR class of R genes are significant candidates involved in plant disease-resistance
pathways. In this study, the genetic elements contributing to stem and crown rot disease resistance were explored
through transcriptome probing based on conserved NBS domain under disease stress in berseem clover. Expression
analysis of identified gene sequences revealed their upregulation during stem and crown rot disease. The in silico

characterization imparted strong support towards the predictive role of identified RGAs in disease resistance.
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INTRODUCTION

Among diseases, fungal diseases are the most dan-
gerous to plants’ health and production. Chemical
control measures are in practice to overcome these
diseases in crop plants. However, the application of
chemical control measurements is compromised by se-
vere environmental effects and new strains of resistant
pathogens. Therefore, scientists have been moving
towards the understanding of innate defense mecha-
nisms in crop plants. While pathogen attacks, the plant
undergoes physiological and biochemical changes to
activate defense mechanisms that ultimately trigger
systemic acquired resistance (SAR) [1]. The pathogen
infects the plant by breaking the first line of defense,
i.e., bark and waxes; as the pathogen breaches the first
line of defense, the plant starts to secrete secondary
metabolites that are lethal for pathogens. Infectious
particles enter the cell, replicating and moving towards
other plant cells to invade the second defense line.
The R genes confer resistance against pathogens
and have been identified in diverse plant species [2].
During the pathogen attack, these R gene encoding
products are putative receptors responding to aviru-
lence (avr) gene products. They have been cloned
and characterized by monocotyledons and dicotyle-
don plants [3]. Sequence analysis of Resistance gene
analogs (RGAs) or candidate R gene encoding proteins
from different plants displayed substantial homology
in specific regions that lately are known as conserved
domains, i.e., NBS-LRR domain. As the putative role
of these conserved domains had been demonstrated in
plant disease resistance [4], so, the conserved motifs
are being used to recover resistance gene analogs from

within plant species or related plant species [5].

In real-time qPCR analysis, it is necessary to nor-
malize the target gene expression using a suitable
reference gene. The reference gene expression should
be stable among samples taken from different tissues.
The reference genes are housekeeping genes. They
have constitutive expression levels in different plant
cells, tissues, and environmental conditions. The
housekeeping genes involve cellular processes such as
protein folding, the glycolytic pathway, etc. [6]. The
studies for selecting the stable reference genes have
been done in various plant species [7].

Hence, in this research study, putative disease
resistance gene sequences or RGAs based on the NBS-
LRR domain were identified against stem and crown
rot in Trifolium alexandrinum (berseem clover). For
the identification of RGAs, we used the primers that
gave cross species amplification in T alexandrinum re-
ported in our previous study [8]. Identified resistance
gene sequences were characterized with bioinformat-
ics. For expression analysis of identified putative dis-
ease resistance gene sequences using real-time qPCR,
a comprehensive reference genes validation is needed
in berseem. Therefore, in this study, four potential
reference genes, namely UBC2, ACT, GAPDH, and
E1F4a, were used for an expression stability analysis in
T. alexandrinum. We monitored the expression pattern
of these genes in samples under-investigated stem and
crown rot disease conditions. The gene expression
stability was validated using statistical algorithms to
assign an appropriate reference gene suitable for accu-
rate transcript normalization to study the expression in
disease condition.
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MATERIALS AND METHODS
Plant material collection and inoculation

Seeds of two cultivars of berseem clover, including
Agaiti (susceptible to stem and crown rot disease), and
Anmol (tolerant to stem and crown rot disease), were
taken from Ayub Agriculture Research Institute (AARI)
Faisalabad, Pakistan. Seed sowing of each cultivar
was in trays filled with an equal ratio of clay and
soil mixture and kept under a glasshouse. Inoculation
of plants was performed using the sick soil method
by mixing inoculum of Sclerotinia trifoliorum [9] (the
fungal pathogen of stem and crown rot disease) in the
soil.

RNA isolation and cDNA synthesis

Total RNA was extracted from the leave samples of
plants after fifteen days post-inoculation (15 dpi). A
total of 0.1 g of frozen plant material was ground in
liquid nitrogen to fine powder following the procedural
channel to get RNA using the GeneJET Plant RNA
Purification kit (Thermo Scientific, USA), as per the
protocol described by the manufacturer. The extracted
RNA sample was treated with RapidOut DNA Removal
kit to genomic DNA (gDNA) wipeout. UV visible NAN-
ODROP (8000 Spectrophotometer, Thermo Scientific)
at an absorbance of 260/280 nm and 260/230 nm
was used to determine RNA samples’ quality and quan-
tity,. The gel electrophoresis (Wealtec USA, Model
Elite 300) using 1.2% (w/v) agarose gel was per-
formed to check RNA integrity. The cDNA synthesis
was done using RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Scientific), following the manufac-
turer’s protocol. The synthesized cDNA was quantified
(at 260/280nm absorbance) using UV visible NAN-
ODROP 8000 Spectrophotometer, diluted 20 times,
and stored at —20 °C.

Identification of RGAs

Reverse transcription PCR (rt-PCR) analysis was per-
formed using the primers [8], given in Table S1, to
identify putative disease resistance gene sequences
(RGAs) against stem and crown rot disease in berseem.
PCR products were run through gel electrophoresis
using 1% (w/v) agarose gel at 80 volts. The gel from
the brink of required amplicons was excised following
DNA elution using the FavorPrep gel purification kit
(FAVORGEN, Biotech Corp., Taiwan). Eluted prod-
ucts were directly sequenced from Eurofins Genomics
DNA sequencing services. Generated sequences were
trimmed to get high-quality sequences using BioEdit
software and in silico identified based on homology us-
ing the Basic local alignment search tool, Blastx (https:
//blast.ncbi.nlm.nih.gov). The deduced amino acid
sequences of identified resistance gene sequences were
generated from the ExPASy translate tool (https://
web.expasy.org/translate). PSI-Blast (Position-Specific
Iterated BLAST) based on Position-Specific Scoring

www.scienceasia.org

ScienceAsia 49 (2023)

Matrix (PSSM) was used to find a distant evolutionary
relationship of deduced amino acid sequences of iden-
tified disease resistance gene sequences. The identified
resistance gene sequences were submitted to the NCBI
database to get the GenBank accession numbers.

Physicochemical characterization and subcellular
localization

Physicochemical characterization of the identified pu-
tative disease resistance gene sequences was made
by computing isoelectric point, molecular weight,
aliphatic and instability index, and grand average
of hydropathicity (GRAVY). An online tool, Prot-
param [10], analyzed the physicochemical properties.
The deduced amino acid sequence of each identified
putative disease resistance gene sequence against the
stem and crown rot disease in berseem was generated
using the ExPASy tool for Protparam analysis. How-
ever, their subcellular localization was predicted using
the CELLO server and WoLF PSORT [11].

Multiple sequence alignment analysis

For multiple sequence alignment analysis, the identi-
fied disease resistance gene sequences were aligned
with known R gene sequences of NBS-LRR class
through MAFFT (Multiple Alignment using Fast Fourier
Transform) programs [12] and analyzed in Jalview
software [13].

In silico characterization

The web-based tools ScanProsite [14], ProtoNet [15],
MOTIF (http://genome.jp/tools/motif), and CD-
search [16] were employed to identify the functional
sites, conserved regions, domains, and motifs. The
SuperFamily database [17] was used to identify
family level classifications, and functional family
was predicted using the CATH database [18].
The COACH [19] server was used for protein-
ligand binding site prediction. However, active site
prediction was made using the I-TASSER suite [20],
and gene ontology (GO) was determined through the
COFACTOR server [21].

Candidate reference genes selection for RI-qPCR

Due to the unavailability of genomic data of berseem
clover, expressed sequence tags (ESTs) sequences from
Trifolium pratense were retrieved from National Centre
for Biotechnology Information (NCBI) database, for
reference genes identification to transcript normal-
ization in gqRT-PCR analysis. The selection of can-
didate reference genes was based on the homology
sequence analysis of retrieved ESTs using Blastn and
Blastx algorithms. The gene name and symbols were
denoted based on gene ontology annotation by the
consulting gene ontology database. We used it to
determine the molecular function, involvement in bi-
ological processes, and ESTs’ cellular location. Gene-
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specific primers were designed from selected candi-
date reference gene sequences in T pratense using the
PrimerQuest tool (Integrated DNA Technologies, Inc.,
USA) for getting PCR amplification in berseem clover.
The reaction mixture (10 wl) of PCR analysis was
comprised of 5 pl Phusion High-Fidelity PCR Master
Mix with HF Buffer (Thermo Scientific), 1 ul cDNA,
1 uM of each forward and reverse primer, and d,H,0
added to the total volume. However, the thermal
profile for PCR analysis was 95 °C for 3 min, followed
by a loop of 30 cycles, comprising 95°C for 30 s,
58°C for 30 s, and 72°C for 60 s, followed by a final
extension at 72°C for 10 min. PCR products were
resolved on 1% agarose gel using gel electrophoresis.
The gel was sliced at the place of required ampli-
cons from its brink. Gel slices were treated using
the FavorPrep gel purification kit (FAVORGEN, Biotech
Corp) and directly sequenced from Eurofins Genomics
DNA sequencing services. Generated sequences were
trimmed through BioEdit software to get high-quality
(HQ) sequences. These generated sequences were
deposited into the NCBI database. They were subjected
to the PrimerQuest tool to get primer pairs for RT-
gPCR analysis to identify internal reference genes with
a highly stable expression for transcript normalization
of target genes in berseem clover. Four reference
genes were selected as candidates (Table S2), and melt
curve analysis was performed to check the specificity of
primers for RT-qPCR analysis. The RT-qPCR reaction
was performed in a non-skirted thin wall 96 x 0.2 ml
plate (Bioplastics Netherlands) containing 1 ul of 20-
times diluted ¢cDNA, 2.5 ul Maxima Syber green/ROX-
/qPCR master mix, 0.2 uM of each primer in a total
reaction volume of 5 pl using CFX96 Touch Real-Time
PCR detection system. In the RT-qPCR reaction, water
was used as a negative control (no-template control).
The reaction was conducted under a two-step cycling
thermal profile comprising 50 °C for 2 min (UDG pre-
treatment), 95 °C for 3 min (initial denaturation), fol-
lowed by a loop of 40 cycles at 95°C for 30 s (de-
naturation), and 58 °C for 30 s (annealing/extension).
The quantification cycle (Cq) value was automatically
calculated for the reaction using the RT-PCR system
with default parameters. After 40 cycles, amplification
specificity was evaluated by heating from 60 °C to 95 °C
with a ramp speed of 1.9°C for 60 s, resulting in
melting curves.

Expression stability analysis of candidate reference
genes

Three different types of statistical algorithm-based
programs, BestKeeper [22], NormFinder [23], and
geNorm [24], were employed to rank and compare the
expression stability of candidate reference genes in an
investigated experimental condition. In the BestKeeper
method, original Cq values of selected candidate genes
were used. However, relative quantitation of original
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Fig. 1 RT-PCR analysis of T. alexandrinum that showed cross-
species amplification.

Cq values were made using the formula; 274 where
ACq = candidate reference gene Cq value — minimum
Cq value, previously described by Wang et al [25] for
geNorm and NormFinder methods. However, a com-
prehensive ranking of candidate reference genes was
obtained using these three statistical algorithms’ rank-
ing results in RefFinder.

Expression analysis

Expression analysis of identified putative disease re-
sistance gene sequences in berseem clover cultivar
‘Anmol” under stem and crown rot disease challenge
was made using RT-qPCR. In this analysis, reference
genes that showed stable expression for transcript nor-
malization in expression stability analysis were used.
This expression profiling was given differential expres-
sion data of identified putative disease resistance gene
sequences and validated gene expression normaliza-
tion accurately. The RT-qPCR primers were designed
from the identified putative disease resistance gene
sequences using PrimerQuest tool (Table S3).

RESULTS

Identification and in silico characterization of
disease resistance gene sequences

In rt-PCR analysis, the primer pairs, RNL8-F/RNL8-R,
TpNL10-F/TpNL10-R, and TpNL13-F/TpNL13-R gave
amplification in berseem cultivar, Anmol (tolerant).
However, these primers did not show any amplifi-
cation in Agaiti (susceptible) under stem and crown
rot disease stress (Fig.1). The amplified products
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Multiple Sequence alignment analysis to identify conserved motifs of NBS domain of TA-SCrRCaG1l (RGA1), TA-

Table 1 Physicochemical properties of identified putative disease resistance gene sequences.

Identified Protein Mw (Da) Molecular Isoelectric Instability Aliphatic GRAVY
RGAs length formula point (pD) index (II) index
TA-SCrRCaGl1 120 13611.96 Co15Ho6sN1600170S0 7.87 32.40 97.50 0.133
TA-SCrRCaG2 68 7382.81 Cs335H550N04 04753 10.56 31.64 98.97 0.144
TA-SCrRCaG3 181 20301.75 Co20H1400N235026456 7.83 35.12 108.12 0.028

were sequenced, and generated sequences were in
silico characterized for homology search using BLAST
tools (Blastx and PSI-Blast). They showed maximum
homology with NBS-LRR protein, disease resistance
proteins, and stress response proteins. Hence, the
identified resistance gene sequences submitted to the
NCBI database were assigned with GenBank accession
numbers, MN862280 (TA-SCrRCaG1), MT946504 (TA-
SCrRCaG2), and MWO030521 (TA-SCrRCaG3). These
identified sequences were in silico characterized using
different web-based tools. The multiple sequence
alignment analysis of identified berseem clover RGAs
against the stem and crown rot disease with known
RGAs sequences of NBS-LRR class in plants [5] dis-
played the conserved motifs of the NBS domain (P-
loop, RNBSA-non TIR, kinase2, kinase 3a (RNBS-B),
RNBS-C, and GLPL). The RGA1 (TA-SCrRCaG1) con-
tained RNBSA-non TIR, kinase2, kinase 3a (RNBS-
B), and RNBS-C motifs of the NBS domain. The
RGA2 (TA-SCrRCaG2) showed kinase2, kinase 3a, and
GLPL motifs. However, RGA3 (TA-SCrRCaG3) shows
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P-loop, RNBSA-non TIR, kinase2, kinase 3a (RNBS-
B), RNBS-C, and GLPLA motifs of the NBS domain
(Fig. 2). Among the identified putative disease re-
sistance gene sequences, RGA3 (TA-SCrRCaG3) en-
coded translated protein was characterized as hav-
ing the NBS-ARC domain. Besides a signature mo-
tif P-loop (GLGGLGKT) (ATP/GTP-binding site motif
A), the characteristic molecular feature of disease
resistance genes or R genes- encoding proteins was
also found in the translated sequences of identified
RGAs. The ProtoNet tools-based results also identified
these putative disease resistance gene sequences as
disease-resistant protein-like protein-encoding genes
(Table S4). The functional family predicted through
the CATH database was disease resistance protein
ADRI1 (3.80.10.10/FF/105273) for RGA1 and disease
resistance protein RPP8 (3.40.50.300/FF/635446) for
RGA3. However, it showed no result for RGA2. The
SuperFamily database presented RGA3 under P-loop
containing nucleoside triphosphate hydrolases super-
family. In the in silico characterization of a protein,
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Fig. 3 Protein-ligand binding sites of (a) TA-SCrRCaGl,
(b) TA-SCrRCaG2, and (c) TA-SCrRCaG3 predicted using
COACH database

knowledge about its physicochemical properties is the
core criterion. We used the Protparam web tool to
compute the physicochemical properties of identified
putative disease resistance gene sequences encoding
deduced amino acid sequences. The stability index
and aliphatic index scores represented their stable
nature with high thermal stability. However, theoret-
ical pI laid them under basic nature proteins. The
computed GRAVY values showed their hydrophobic
nature (Table 1). The subcellular localization analysis
through the CELLO web server predicted the subcel-
lular localization of TA-SCrRCaG1, TA-SCrRCaG2, and
TA-SCrRCaG3 to extracellular, nuclear, and nuclear +
cytoplasm, respectively, with significant hits. However,
WOoLF PSORT predicted subcellular protein localization
of TA-SCrRCaG1, TA-SCrRCaG2, and TA-SCrRCaG3 in
the cytoplasm with maximum hits.

The functional annotation of identified disease re-
sistance gene sequences or RGAs-encoding translated
proteins was made by COFACTOR, COACH, and I-
TASSER. The COACH database predicted 23Val (V),
25Ile (I), 47Vval (V), 48Leu (L), 49Thr (T), 74Thr
(D), 75Ile (I), 76Thr (T), 93Lys (K), as protein-ligand
binding sites in TA-SCrRCaG1 (RGA1) (Fig. 3a). For
TA-SCrRCaG2 (RGAZ2), the ligand-binding sites were
29Ser (S), 301le (I), 40Ala (A), 49Thr (T), 51Lys (K),
57Phe (F) (Fig. 3b). However, the binding residues
were, 4Gly (G), 5Leu (L), 6Gly (G), 7Lys (K), 8Thr (T),
9Thr (T), 134Leu (L), 138Tyr (Y), 165Pro (P), 166Leu
(L), 169Lys (K) in TA-SCrRCaG3 (RGA3) (Fig. 3c). In
RGA3, 7Lys (K), 8Thr (T), 9Thr (T) are ATP binding
site residues of the P-loop domain. These protein-
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ligand binding sites of each identified RGA were based
on a high C-score (confidence score), which relates to
a more reliable prediction. The active site residues
of TA-SCrRCaG1 predicted using the I-TASSER server
were 54Gly (G), 60Leu (L), and 62Asn (N). The gene
ontology (GO) explored through the COFACTOR server
is given in Table S5, representing their predominant
role in defense response to biotic stress and external
stimuli.

Selection and stability analysis of candidate
reference genes in the RT-qPCR analysis

Genomic information of berseem clover is unavailable,
so 38104 ESTs of T pratense were retrieved from the
NCBI database and subjected to homology search using
Blastn and Blastx algorithms. Four reference genes
(Table S2) involved in different biological processes
were selected to identify candidate reference genes
in berseem clover. The generated HQ sequences got
GenBank accession numbers of TiACT (MW533148),
TaUBC2 (MW560482), TaEIF4a (MW548610), and
TaGAPDH (MW286365) lodging to the NCBI database.
The primers for RT-qPCR analysis (Table S2) for as-
sessing and identifying reliable reference genes with
the stable expression for transcript normalization in
berseem clover were designed from generated se-
quences of candidate reference genes.

Melt curve analysis yielded a single sharp peak
with no primer dimer in all primer pairs. Besides, no
amplification was observed in water control, proving
the absence of primer dimers and reaction contami-
nation. We used three statistical algorithms for refer-
ence gene stability analysis: BestKeeper, NormFinder,
and geNorm. The BestKeeper is a Microsoft Excel-
based program with utilization in stability analyses.
It determines the stability ranking by comparing the
candidate reference genes’ expression stability based
on the percentage of crossing point (% CP) to the
BestKeeper Index and standard deviation (SD) from
the geometric mean of the candidate reference genes’
Cqvalues. The genes with the lowest CP and SD values
are considered the best reference genes for accurate
transcript normalization. In our experimental samples,
BestKeeper analysis identified more stable reference
genes: TaEIF4a (1.81+0.28), TaGAPDH (6.77 £1.28),
TaACT (15.63+2.48), and TaUBC2 (16.57 +3.80) re-
spectively (Table 2). We also determined the stability
analysis for candidate reference gene expression us-
ing the geNorm statistical algorithm (Table 2). This
program does not use original Cq values; instead, it
transforms them into relative quantities using the ACq
method. It determines stability value (M) based on
the geometric mean of all candidate reference genes
and the average pair-wise variation of a gene from
all other reference genes in a set of samples. A
gene with a low stability value is identified as stable,
and vice versa. The geNorm statistical tool identified
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Table 2 Stability ranking of the reference genes in T alexandrinum (berseem clover).

Rank BestKeeper geNorm NormFinder RefFinder
Genes CP(%) +£SD Genes Normalization Genes Stability Genes Geomean of
Value (M) Value (SV) ranking value
1 TaEIF4a 0.275 TaUBC2|TaGAPDH 0.018 TaEIF4a 0.023 TaGAPDH 1.414
2 TaGAPDH 1.28 TaGAPDH 0.075 TaEIF4a 1.732
3 TaACT 2.48 TaEIF4a 0.042 TaUBC2 0.136 TaACT 2.06
4 TaUBC2 3.795 TaACT 0.343 TaACT 0.644 TaUBC2 4

TaUBC2|TaGAPDH with the lowest stability value of
0.018, the best reference gene for normalization in RT-
gPCR analysis, followed by TaEIF4a with “M” value,
0.042, and TaACT with 0.343 stability value, respec-
tively. However, the reference genes with stability
value (M) below the cut-off range, i.e., < 1.5 using
geNorm analysis, are recommended as significantly
best reference genes for high gene expression stabil-
ity. The ranking of candidate reference genes for
gene expression stability was also explored using the
NormFinder algorithm. This statistical tool determines
gene expression stability of candidate reference genes
based on intra and inter-group variations. This pro-
gram identified the TaE1F4a reference gene as highly
significant expression stability in our experimental
samples by scoring a stability value of 0.023. However,
other reference genes, TaGAPDH, TaUBC2, and TaACT,
ranked second, third, and fourth in expression stabil-
ity with stability values of 0.075, 0.136, and 0.644,
respectively (Table 2). The NormFinder results were
similar compared with the BestKeeper results. Both
statistical algorithms supported the TaE1F4a reference
gene with highly stable expression in our experimental
sample’s condition, followed by the TaGAPDH gene in
berseem clover for transcript normalization in RT-qPCR
analyses. Comprehensive ranking based on geomean
values using the RefFinder tool compared the results
of BestKeeper, geNorm, and NormFinder programs to
accurately validate the expression stability ranking of
candidate reference genes for transcript normalization.
The TaGAPDH reference gene scored 1.41 geomean
ranking value in the overall comprehensive ranking,
followed by TaEIF4a, TaACT, and TaUBC2 reference
genes with geomean ranking values of 1.73, 2.06, and
4.00, respectively (Table 2).

Gene expression analysis and validation of
selected reference genes

Three putative disease resistance gene sequences, TA-
SCrRCaG1, TA-SCrRCaG2, and TA-SCrRCaG3 (iden-
tified from the transcriptome of the berseem clover
cultivar Anmol tolerant to stem and crown rot disease)
were investigated for determining their expression pat-
tern using RT-qPCR analysis. This experiment was
carried out using two reference genes after accurate
normalization. The Reference genes, TaGAPDH and
TaEIF4a, showed stable expression in our experimen-
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Fig. 4 Gene expression analysis of identified disease resis-
tance gene sequences in berseem clover cultivar, “Anmol”
under stem and crown rot disease challenge. (a) and (b) Dif-
ferential gene expression pattern of identified gene sequences
normalizing with TaGAPDH and TaEIF4a reference genes,
respectively. (c) Validation of top-ranked reference genes,
TaGAPDH and TaEIF4a for accurate transcript normalization
by determining the relative transcript levels of TA-SCrRCaG1,
TA-SCrRCaG2, and TA-SCrRCaG3 genes sequences.

tal sample’s condition for reliable normalization by
acquiring top ranking under different statistical al-
gorithm programs. The expression levels of identi-
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fied disease resistance gene sequences, TA-SCrRCaG1,
TA-SCrRCaG2, and TA-SCrRCaG3, were determined.
These gene sequences showed upregulation under
stem and crown rot disease challenge in berseem
clover variety Anmol (Fig. 4a,b). TA-SCrRCaG1 was
expressed at a relatively high level, followed by TA-
SCrRCaG3. However, TA-SCrRCaG2 showed an in-
termediate expression level. The expression analysis
also validated the selected reference genes for accurate
transcript normalization by determining the relative
transcript levels of TA-SCrRCaG1, TA-SCrRCaG2, and
TA-SCrRCaG3 gene sequences. Relative transcript
levels of these gene sequences were calculated af-
ter normalizing with the top-ranked candidate refer-
ence genes as determined by BestKeeper, NormFinder,
geNorm, and then as recommended by RefFinder in
its comprehensive ranking (Fig. 4c). We observed
more transcript abundance of TA-SCrRCaG1 gene se-
quence followed by TA-SCrRCaG3 gene sequence when
normalized using reference genes, TaEIF4a revealed
stable and constant relative expression pattern, as ob-
tained when the TaGAPDH reference gene, determined
and recommended by geNorm and RefFinder as top-
ranked, was used for normalization.

DISCUSSION

Stresses, either biotic or abiotic, bring severe losses
to plants every year. The bacteria, fungi, viruses,
and nematodes infect plants and cause plant diseases,
resulting in great loss in the agricultural economy by
reducing crop plants’ health and productivity. How-
ever, fungal diseases pose potential threats to crop
production. While pathogens attack, plants activate
their defense mechanisms [26]. The NBS-LRR domain-
containing proteins directly block the pathogens by ac-
tivating hypersensitive responses [5]. It has been docu-
mented that the R genes encoding proteins of the NBS-
LRR superfamily are intracellular immune receptors
that directly or indirectly recognize specific pathogen
effectors and triggers plant defense responses.
Literature supports that the NBS-LRR class of R
genes plays a crucial role in crop plants against di-
verse insects and pathogens. The members of this
class possess common evolutionary origins and typical
structure patterns [27]. Degenerate primers-based
PCR strategies have been used to isolate and identify
putative R genes from diverse plant species [28,29].
A diverse array of R genes in plants had been cloned
and displayed those encoded proteins having an NBS
domain followed by LRR domain, and that is why they
proved to be the members of the NBS-LRR superfam-
ily [30]. In this study, putative disease-resistance gene
sequences or RGAs based on the NBS-LRR domain
were identified and recovered from berseem clover
against stem and crown rot disease. The translated
protein sequences of identified RGAs showed max-
imum homology with NBS-LRR protein, disease re-
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sistance proteins, and stress response proteins. Due
to genetic code degeneracy, in RGAs, the comparison
of sequences at the protein level has shown more
homology with NBS-LRR region than at the nucleotide
level [28].

Subcellular localization of R proteins significantly
impacts the role against pathogen resistance. Sev-
eral R proteins had been identified as having nuclear
and cytoplasmic localization; even in most R protein
sequences; no clear nuclear localization signals were
identified. Indeed, in most cases, the R proteins
get built up in the nucleus to respond to pathogen
infection [31]. The CELLO and WoLF PSORT programs
predict 12 subcellular localization classes in eukary-
otes: cytoplasm, chloroplast, ER, extracellular space,
golgi bodies, nucleus, lysosome vacuole, mitochondria,
plasma membrane, peroxisomes, and the cytoskele-
ton [32]. Recent studies of NBS-LRR class receptors
revealed that the R proteins are localized to and in-
side the nucleus to activate defense responses [33].
MLA10 R protein of Hordeum vulgare (Barley), which
confers the resistance to Blumeria graminis f. sp. hordei
(powdery mildew fungus), accumulates in the nucleus
and is also found in the cytoplasm [33]. In Arabidop-
sis, p-N-acetylhexosaminidases, HEXO3 was soluble
in extracellular space [34]. The HEXO proteins were
involved in plant defense mechanisms and associated
with fruit ripening by hydrolyzing N-acetylglucose
residues from chitin. Similarly, our study predicted the
subcellular localization of identified RGAs in extracel-
lular, nuclear, and nuclear +cytoplasm with significant
hits using CELLO; However, WoLF PSORT predicted
their subcellular localization in the cytoplasm. The
CELLO program predicts the subcellular localization of
the protein in eukaryotes to 12 classes; however, WoLF
PSORT predicts localization to 12 classes specifically
in plants rather than in eukaryotes in general [35].
However, no nuclear localization signals were detected
in deduced amino acid sequences of identified RGAs
(TA-SCrRCaG1, TA-SCrRCaG2 and TA-SCrRCaG3) us-
ing NLStradamus program. Similarly, no signal peptide
was found in translated amino acid sequences of iden-
tified RGAs, using TargetP bio-tools [8]. That’s why we
did not mention these tools in the manuscript.

Gene expression analysis reveals the contribution
of regulatory networks of metabolic, genetic, and
signaling pathways, which trigger plant-pathogen in-
teraction. Real-time qPCR is used to analyze the
gene expression level in tissues. The stable reference
genes are commonly used for data normalization in
gene expression experiments. The use of transcript
abundance data from a species can identify reference
genes in other species. Such an approach was used
by Tashiro et al [36] to identify reference genes in
Vitis vinifera L. (grapevine), based upon evidence from
Arabidopsis thaliana, which might have broader appli-
cation.
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In berseem clover, transcript abundance stability
was evaluated using four housekeeping genes, ACT,
GAPDH, EIF4a, and UBC2, at two disease levels by
BestKeeper and NormFinder geNorm, and RefFinder
analysis methods. We found that the TaGAPDH refer-
ence gene scored a high geomean ranking value in the
overall comprehensive ranking, followed by TaEIF4a,
TaACT, and TaUBC2 reference genes. GAPDH has been
universally used as a candidate reference gene for RT-
qPCR analysis [37].

Similarly, Tian et al [38] identified that the
GAPDH reference gene was stably expressed in parsley
and carrot leaves in response to hormone stimuli
and more stable in Arabidopsis pumila under salt
stress, heat, and drought stresses [39]. Yan and his
colleagues conducted the research, which revealed
that in perennial ryegrass under stress conditions,
the elF4A could be used as a stable reference
gene expressed under herbicide stress in Eleusine
indica [40]. TaACT was the least stable reference gene
in our study, which was also ranked unsuitable for
A. pumila under drought stress. However, low-level
transcript abundance could be useful when studying
gene expression at a low level [39].

Different studies suggested that using more than
one reference gene could increase RT-qPCR’s accu-
racy [24]. Generally, two reference genes are recom-
mended for normalization. Hence, our study investi-
gated the expression analysis of identified RGAs (TA-
SCrRCaG1, TA-SCrRCaG2, and TA-SCrRCaG3) using
the expression pattern of two reference genes, i.e.,
TaGAPDH and TaEIF4a.

CONCLUSION

Our study identified three putative disease-resistance
gene sequences in berseem clover against stem and
crown rot disease. These sequences were differentially
expressed with upregulated expression in the Anmol
tolerant cultivar. We further examined these identified
genetic elements for R proteins features and expression
profiling in response to stem and crown rot stress. The
in silico characterization of their translated amino acid
sequences showed that they possess motifs that are
the attributes of disease resistance genes encoding pro-
teins. Expression analysis of identified RGAs showed
more contribution of putative disease-resistance gene
sequence, TA-SCrRCaG1 towards stem and crown rot
disease resistance in berseem clover.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasial513-1874.
2022.141.
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Appendix A. Supplementary data

Table S1 Primers used to identify the putative disease resistance gene sequences against stem and crown rot disease in

T alexandrinum.

Sr # Primer name Primer sequence (5’ to 3’ direction) Reference

1 RNL1-F ACAACCCTTGCTACGACTTTAT [9]
RNL1-R CTATTGGGTGGGAACAAGATGA

2 RNL2-F GGTGGAATTGGAAAGACAACAC [9]
RNL2-R CCCTTCCAATCTATCACCTCTTC

3 RNL4-F AATCATCACGACCAGGGATAAG [9]
RNL4-R CTTAATTGGGATGGACCGAAATG

4 RNL6-F GCAGAGACTACCATGACCTAAC [9]
RNL6-R TGATTGTGGTGAAGACCCTG

5 RNLS8-F CTGCCCGTATATTGTCGGTATC [9]
RNL8-R GTCGGTATAGCTTCCAAGTCAG

6 TpNL9-F TCCGAGTCCAGTCACCTAAT [9]
TpNL9-R GGTTAAGCTACCCAAACCTCTC

7 TpNL10-F CATCTTGTTCCCACCTCACTT [9]
TpNL10-R TGCTCGCTCTGCTCTTATTG

8 TpNL11-F GAAACGGTCTCCAAGGGAATAG [9]
TpNL11-R CAACAGCAAGAGCCTGGTATAG

9 TpNL12-F GGGACAAAGGAAGAGGAAGAAG [9]
TpNL12-R GACAAGGTTAGGATGGTGAAGTAG

10 TpNL13-F CTGCAAAGGGATTGGAGTATCT [9]
TpNL13-R CAGCTATAACCGGACGCATATTA

11 TpNL14-F GATGAGATTTGGTGCTGGTATTG [9]
TpNL14-R TATGACCGGAGGATTAGCTTTG

Table S2 Candidate reference genes used for the assessment of the expression stability in qRT-PCR analysis.

Gene Accession  Gene Primer sequences Amplicon Primer sequences Amplicon GO

name no. symbol (5 to 3') size (bp) (5’ to 3") size (bp) annotation
for General PCR for qRT-PCR

Actin AY372368 ACT AGGCTGTCCTCTCC 589 AGTGGTCGTACAACTG 110 Structural
CTTTAT GTATTG constituent of
GGTGGAGCCACAAC GCAAGATCCAAACGAA cytoskeleton
CTTAAT GAATGG

Glyceraldehyde- BB911051 GAPDH CATCAAGCAAGGAC 298 CACCGTTGATGTTT 106 Dehydrogenase,

3-phosphate TGGAGAG CAGTTGTT Oxidoreductase

dehydrogenase CTGTCACCAACAAA CTTGAGCTTGCCCT in glycolysis and
GTCAGTAGA CTGATT gluconeogenesis

Eukaryotic BB919542 EIF4a TGCTACAATGCCAC 453 GCTCTTCACGAGTG 99 Hydrolase activ-

Initiation factor CAGAAG CTCATAAC ity DNA binding

4a CCACTACGACCAAT CAGGTTGGGTAGGC ATP binding
ACGATGAAG AAATCATAG

Ubiquitin- BB916552 UBC2 GTCTGACTCTTCTT 490 GTGTGATCCAAACC 101 DNA repair and

conjugating CACCTCTC CAAACTC recombination

enzyme E2A GCTCAACAATCTCG GCTCAACAATCTCG proteins
CGTATTC CGTATTC
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Table S3 qRT-PCR primer pairs used for expression analysis of identified disease resistance gene sequences in berseem clover

against stem and

crown rot disease.

Sr # Primer name gRT-PCR primer sequence (5’ to 3’ direction) Length (bp) Amplicon size

1 TA-SCrRCaG1-F GGTGCACAAAGTTCTGACAATC 22 ~129
TA-SCrRCaG1-R CCGAAGGAAGGGACAGTAATTC 22

2 TA-SCrRCaG2-F CTGTTCTCGTTGAGGACTCTTATG 24 ~111
TA-SCrRCaG2-R GATCGACTTCGGTTGGTCAAT 21

3 TA-SCrRCaG3-F GTGGTTATCCTGTTCCTCAATTTC 24 ~118
TA-SCrRCaG3-R GAAGACGAAACATCATCAAGAACA 24

Table S4 Conserved domains of identified RGAs with ScanProsite, CD search, Motif, and ProtoNet servers.

Identified RGAs ScanProsite CD-search Motif ProtoNet
TA-SCrRCaG1 e N-myristoylation site e TCP-1 (CTT or eukaryotic type e Disease resistance
(RGA1) e Protein kinase C phosphorylation site II) chaperonin family protein-like protein
e cAMP and cGMP dependent e chaperonin_type I II,
protein kinase phosphorylation site - chaperonin families, type I
e Casein kinase II phosphorylation site and type II
e Cpn60_TCP1, TCP-1/cpn60
chaperonin family
TA-SCrRCaG2 e Casein kinase II phosphorylation site o Cytochrome P450
(RGA2) o N-myristoylation site - - like TBP (TATA box
e Protein kinase C phosphorylation site binding protein)
TA-SCrRCaG3 e ATP/GTP-binding site motif A NB-ARC e NB-ARC o Disease resistance
(RG3) (P-loop) superfamily e The AAA+ (ATPases Associated protein-like protein

o N-myristoylation site

e Casein kinase II phosphorylation site
o Tyrosine kinase phosphorylation

site 1

o Protein kinase C phosphorylation site
N-glycosylation site

with a wide variety of cellular
Activities) superfamily
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Table S5 Functional characterization of identified disease-resistance gene sequences in berseem clover against stem and crown
rot disease with the aid of bioinformatics.

Identified putative Molecular function

disease resistance
genes or RGAs

Biological process

Cellular component

TA-SCrRCaG1

o catalytic activity

o transferase activity

e kinase activity

e ATP binding

e protein kinase activity

e protein serine/threonine kinase
activity

e transmembrane receptor protein
tyrosine kinase activity

e response to an external stimulus
o defense response to bacterium

o cellular process

o cellular macromolecule metabolic
process

o protein metabolic process

o peptidyl-tyrosine phosphorylation

o cell part

e membrane

e plasma membrane

® an integral component
of membrane

TA-SCrRCaG2

cis-trans isomerase activity

peptidyl-proline modification

e intracellular part

e intracellular organelle
part

e cytoplasmic part

e membrane

e endoplasmic reticulum
membrane

e membrane-bounded
organelle

e intracellular membrane-
bounded organelle

e cytoplasm

TA-SCrRCaG3

e heterocyclic compound binding
e organic cyclic compound binding
e nucleotide-binding

® response to stress

o defense response

e response to biotic stimulus

e response to an external stimulus
e response to other organisms

o defense response to other organisms

e single-organism cellular process
o cellular response to stress

o programmed cell death

o regulation of the cellular process

o cell part

e intracellular part

e membrane

e protein complex

e intracellular organelle

e intracellular membrane-
bounded organelle

o plasma membrane

e nucleus

o cytoplasmic part
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