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Abstract

Salinity is a major constraint for plant growth, development and yield worldwide. Evaluation of a large number of germ-
plasms in salt-stressed environments may help identify superior salt-tolerant genotypes. The present study dissects the genetic
diversity of 33 pearl millet genotypes (landraces and inbred lines) for salinity tolerance through in vitro screening at the
seedling stage. Our results revealed a significant reduction in total biomass and shoot growth of the salt-sensitive genotypes
upon exposure to 150 mM NacCl, in contrast to the tolerant genotypes showing better growth characteristics. A significant
differential effect of salt treatment on morphological traits was observed by analysis of variance (ANOVA), confirming
substantial genetic diversity among all genotypes for salt tolerance. The genotypes were clustered into three groups based
on multiple stress indices. The genotypes were also evaluated using principal component analysis (PCA) to identify the key
contributing traits for stress tolerance. Based on these results, a total of four contrasting genotypes were selected for further
biochemical and molecular analysis. Physiological studies confirmed that salt tolerance might be due to the higher content
of osmolytes and the activity of antioxidant enzymes. Similarly, gene expression profiling of catalase (CAT), glutamate
dehydrogenase (GDH), glutathione reductase (GR), and nitrate reductase (NVR) revealed a profound increase in NR and GDH
transcript levels in the tolerant genotypes, suggesting their major role as reactive oxygen species (ROS) scavengers under
salinity. The overall findings of this study could be utilized further for candidate gene mining through “omics” approaches,
aiming toward development of salinity resilient crop plants.
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Introduction

Salinity stress is among the key abiotic stresses that criti-
cally impede plant development. Almost 20% of the world’s
irrigated land is affected by salinity (FAO 2011), which is a
prime cause of the reduction in crop productivity in the arid
< Shweta Jha and semi-arid regions. Therefore, it is necessary to develop

jha.shweta80@gmail.com salinity tolerance in the major crop plants to provide global
food security for the growing population. The average yield
losses of 15-90% has been well documented in major crops
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significant reduction in grain yield by 23-27% was estimated
(Krishnamurthy et al. 2014). In a recent study, 12.90-22.43%
reduction in pearl millet grain yield was observed under
salinity levels of 8—12 dS m~' (Yadav et al. 2020). Pearl
millet [Pennisetum glaucum (L.) R. Br.] is a major C4 cereal
crop, mainly grown in semi-arid and arid regions of Asia and
Africa. It is ranked as the sixth economically important crop
plant (Shivhare and Lata 2017). It can survive under adverse
environmental conditions, and poor nutrient-deficient soil.
Although high salinity is known to impact its growth and
productivity in several arid zones (Krishnamurthy et al.
2007). An average reduction of ~ 3—4 folds in shoot biomass
productivity and grain yield was reported in 15 accessions
of pearl millet (Krishnamurthy et al. 2011). In another study,
11 pearl millet lines showed a significant reduction of 19.1%
and 41.3% in biomass and grain yield, respectively under
salinity (Toderich et al. 2018). Whereas a mean reduction of
47-86% in grain yield and 51% in fodder yield was observed
under high saline conditions in pearl millet (Choudhary et al.
2019; Kulkarni et al. 2006; Ribadiya et al. 2018).

The differential responses of plants toward salinity stress
rely upon their genetic make-up and the environment. There-
fore, screening a large number of genotypes is essential to
select the superior genotypes with greater stress tolerance.
The candidate genes could be identified from those poten-
tial genotypes, and transferred to other salt-sensitive crops
by plant breeding or transgenic approaches (Jha 2019).
Germplasm screening for salinity stress tolerance has been
performed in several plant species, viz. rice, wheat, maize,
sorghum, etc. (Morton et al. 2019), but only a few candi-
date genes have been identified for stress tolerance, owing to
the complex nature of salinity stress (Jha 2018; Lakra et al.
2018). Large genotypic variation has been observed in pearl
millet toward salinity stress tolerance. A wide range of pearl
millet breeding lines has been evaluated extensively for salt
tolerance (Krishnamurthy et al. 2007; Mukhopadhyay et al.
2005; Ribadiya et al. 2018; Toderich et al. 2018; Yakubu
et al. 2010). Typically, the landraces and wild relatives of
a crop species exhibit genetic diversity and are known to
harbor novel genes for environmental adaptation and other
agronomic important traits. Therefore, these genotypes can
be used as valuable genetic resources for developing abiotic
stress tolerance (Hoang et al. 2016; Manga 2015; Quan et al.
2018). Despite having a wide genetic diversity and a large
germplasm collection available at the National repositories,
limited reports are available for the identification and selec-
tion of superior genotypes for abiotic stress tolerance in
pearl millet (Shivhare and Lata 2017; Yadav 2010).

The present study aimed to screen 33 landraces and
inbred lines of pearl millet for salinity stress tolerance
under in vitro conditions, as field screening is not a pow-
erful approach due to the high degree of variability in the
applied salt concentrations among the plots in a single field
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(Krishnamurthy et al. 2007). To our knowledge, this is the
first report describing the evaluation of these pearl millet
germplasms for salinity stress tolerance under the hydro-
ponic system. Since salt stress tolerance during the early
vegetative stage plays a pivotal role in crop setting under the
saline environment (Mukhopadhyay et al. 2005), germplasm
screening was performed at early seedling growth stage to
select and identify the most tolerant genotypes of pearl mil-
let. Various stress indices are in widespread use for selecting
genotypes based on their performance under a stressed envi-
ronment (Morton et al. 2019; Singh et al. 2015). On account
of that, one of the objectives of this study was development
of effective screening criterion by evaluating multiple stress
indices, viz. stress tolerance index (STI), stress susceptibility
index (SSI), tolerance index (TOL), and salt tolerance (ST).
Furthermore, physiological and molecular analyses of the
selected contrasting genotypes were performed in the pre-
sent study to identify the molecular mechanism and genes
involved in salinity responses in pearl millet.

Materials and Methods

Plant Material and Experimental Set-up for Salinity
Stress Tolerance Screening

Germplasms for a total of 33 genotypes of pearl millet
were collected from the National Bureau of Plant Genetic
Resources (NBPGR), Jodhpur, and the International Crop
Research Institute for the Semi-Arid Tropics (ICRISAT),
Patancheru, Hyderabad, as shown in Table 1. Seeds of dif-
ferent genotypes were surface sterilized and germinated on
filter paper moistened with distilled water in closed Petri-
dishes at 28 +2 °C. Germinated seedlings were transferred
to half strength of Hoagland solution (pH 5.6) for further
growth and development. Salinity screening of different
pearl millet genotypes was performed at the seedling stage
using the salinized nutrient solution in the hydroponic sys-
tem following the International Rice Research Institute
(IRRI) standard protocol for rice (Gregorio et al. 1997).
Non-salinized and salinized setups were maintained in
the greenhouse at 25+ 5 °C at 60 + 5% relative humidity.
Fifteen-day-old seedlings of pearl millet were subjected to
a range of salt concentrations (50, 75, 100, and 150 mM
NaCl) for 7, 14, and 21 days by growing the plants in NaCl-
supplemented Hoagland’s medium (Supplementary Fig. S1).
Culture media were replaced every alternate day to main-
tain a stable salt concentration and pH of the medium. An
unstressed control (0 mM NaCl) was maintained in each case
under similar growth conditions. Seedlings were measured
after 7, 14, and 21 days of salt treatment to calculate the rela-
tive growth rate (RGR) [relative shoot length (RSL), relative
fresh weight (RFW)] according to the following formula:
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Table 1 Detailed information of the 33 genotypes of pearl millet

S.No Accession Genotype Obtained by
Code

1 2 IC 285172 NBPGR
2 3 IC 285173 NBPGR
3 4 IC 285175 NBPGR
4 5 IC 285176 NBPGR
5 6 IC 285177 NBPGR
6 7 1C285178 NBPGR
7 8 1C285185 NBPGR
8 9 IC 325750 NBPGR
9 10 IC 325765 NBPGR
10 11 IC 325776 NBPGR
11 12 IC 325794 NBPGR
12 13 IC 325825 NBPGR
13 14 IC 329028 NBPGR
14 15 IC 329031 NBPGR
15 16 IC 329041 NBPGR
16 17 IC 370482 NBPGR
17 18 IC 370487 NBPGR
18 19 IC 370507 NBPGR
19 20 IC 420309 NBPGR
20 21 IC 420312 NBPGR
21 22 IC 420314 NBPGR
22 23 IC 420315 NBPGR
23 24 IC 420317 NBPGR
24 25 1C420319 NBPGR
25 26 IP 17196 NBPGR
26 27 IP 17224 NBPGR
27 28 IP 17276 NBPGR
28 29 IP 17319 NBPGR
29 30 IP 17399 NBPGR
30 31 PRC2-18933 ICRISAT
31 32 ICMB-90111B-P6 ICRISAT
32 33 863B-P2 ICRISAT
33 34 841B- P3 ICRISAT

RGR =SL or FW in a known concentration of salt/ SL or
FW in absence of saltx 100.

At least 20 independent biological replicates (individual
seedlings) for each sample (control v/s treatment) were used
for the analysis. Individual genotype was scored for salin-
ity tolerance based on seedling growth parameters. Differ-
ent stress indices were calculated based on the phenotypic
analysis for each genotype, using the following formulae:

Stress Tolerance Index (STI)=(Yp x Ys)/ (Xp)2 (Fernan-
dez 1992).

Tolerance Index (TOL)= Yp — Ys (Rosielle and Hamblin
1981).

Salt Tolerance (ST)=Y
et al. 2007).

at T2 / Y o1 at T2 (Genc

salt

Stress Susceptibility Index (SSI)=(1 — Ys/Yp)/SI (Fis-
cher and Maurer 1978).

Stress Intensity (SI)=[1-(Xs/Xp)] (Fischer and Maurer
1978).

Here,

Yp =Growth related trait for each genotype under control
condition.

Ys =Growth related trait for each genotype under stress
condition.

Xp=Average of the observed trait for all genotypes under
control condition.

Xs = Average of the observed trait for all genotypes under
stress condition.

Survival rate or vigor score was depicted by visual scor-
ing of salt injury in individual genotypes on the scale of 1-9
(1 for most tolerant and 9 for most sensitive), according to
Standard Evaluation System (SES), IRRI protocol (Gregorio
et al. 1997). A similar ranking of genotypes was performed
based on multiple stress indices.

Biochemical and Molecular Analysis
Salinity Treatment

Two salt-tolerant and two sensitive genotypes of pearl mil-
let were selected for further biochemical and molecular
analysis. For these studies, 15-day-old plantlets of pearl
millet were subjected to salt stress by growing the plants in
150 mM NaCl-supplemented medium for 72 h, under condi-
tions as described earlier. Since the seedlings of pearl millet
showed a noticeable stress phenotype at 150 mM NaCl con-
centration, we have selected this salt concentration and time
point for further studies. Our earlier studies exhibited com-
plete suppression of plant growth at concentrations higher
than150 mM NaCl, leading to the death of the seedlings.
After three days of treatment, seedlings were harvested and
immediately frozen in liquid nitrogen for further experi-
ments. Control was maintained in each experiment under
non-stressed conditions (0 mM NaCl).

Seed Germination Assay

To determine the effect of salinity on seed germination
ability of the contrasting genotypes of pearl millet, seeds
from the four genotypes were surface sterilized using
0.1% HgCl, and germinated on moistened filter paper
under increasing salt concentrations (100, 150, 200, and
250 mM NaCl) at 28 +2 °C. The filter paper moistened
with distilled water served as control (0 mM NaCl) under
similar conditions. At least 50 seeds per replicate were
used for each treatment, and three independent biological
replicates were analyzed for every salt concentration. The
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emergence of radical was considered as the initiation of
seed germination. The percent germination was calculated
based on the following formula:

% Seed germination =No. of germinated seeds under salt
stress/ Total no. of seeds *100.

Proline Estimation

Quantitative estimation of free proline content was per-
formed according to Bates et al. (1973) using the acid-nin-
hydrin method. A 0.25 g of fresh plant leaf sample (stressed
and unstressed seedlings from the selected contrasting
genotypes) was extracted with 5 ml of 3% sulphosalicylic
acid and centrifuged at 4 °C at 10,000 rpm for 10 min. The
supernatant was mixed with acetic acid and ninhydrin rea-
gent (each 2 ml). The reaction mixture was heated for 1 h in
a boiling water bath and the reaction was arrested by quick
cooling in ice. A 4 ml of toluene was added to the reaction
mix, mixed and the absorbance of the upper layer was meas-
ured at 520 nm. Proline concentration was calculated using
a standard curve prepared with D-proline.

Total Soluble Sugar Content

Total soluble sugar was analyzed using the Anthrone rea-
gent as described by Roe (1955). A 0.1 g of plant sample
(stressed and unstressed seedlings from sensitive and toler-
ant genotypes) was homogenized with 5 ml of 80% etha-
nol. The mixture was centrifuged and an equal volume of
80% ethanol was added to 0.5 ml supernatant, followed by
the addition of 4 ml of Anthrone reagent. The mixture was
heated for 5 min in a boiling water bath and absorbance was
taken at 620 nm.

Assays for Antioxidant Enzymes
Catalase Activity Assay

Catalase activity was determined by the initial rate of dis-
appearance of H,0, at 240 nm (Aebi, 1984). A 0.5 g of
plant sample (stressed and unstressed seedlings from the
selected contrasting genotypes) was homogenized with 3 ml
of Sodium phosphate buffer (pH 7.0, 0.1 M) and centrifuged
at 10,000 rpm for 15 min at 4 °C. A 1.5 ml of extraction
buffer and 1 ml of H,O, (30 mM) were added to 0.5 ml of
supernatant, and decomposition of H,0, was measured by
taking absorbance at 240 nm. One unit of catalase activity
is equivalent to 1 pmol of H,0, decomposed per min under
standard conditions.
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Peroxidase Activity Assay

Peroxidase activity (POX) was measured using the guai-
acol method of Honold and Stahmann (1968). A 0.5 g of
plant sample was homogenized with 3 ml of 0.1 M Citrate
buffer (pH 5.0) and centrifuged at 10,000 rpm for 15 min
at 4 °C. The reaction mixture (3 ml) contained 1.5 ml of
extraction buffer, 0.025 ml enzyme extract, and 1.175 ml
distilled water. A 0.150 ml of H,0, (200 mM) and 0.150 ml
guaiacol were added to the reaction mixture just before tak-
ing absorbance, which was taken at 470 nM for 3 min with
15 s of interval. One unit of peroxidase (guaiacol) activity
is equivalent to the amount of the enzyme catalyzing the
formation of 1 pmol of GDHP guaiacol dehydrogenation
product per min by oxidation of guaiacol.

RNA Isolation and Quantitative Real-Time
PCR (qRT-PCR)

RNA from control and treated seedlings of the selected con-
trasting genotypes of pearl millet was isolated from 100 mg
of plant tissues using Tri-reagent (Sigma Aldrich, USA)
according to the manufacturer’s instructions. After DNase
treatment, cDNA was synthesized from 2 pg RNA using the
iScript™ cDNA Synthesis Kit (Bio-Rad, USA), and further
utilized as a template for qPCR analysis using SYBR Green
master mix and CFX96 Real-Time PCR system (Bio-Rad,
USA). Primers used for the real-time PCR analysis have
been synthesized using gene sequence from transcriptome
data of the selected genotypes of pearl millet (Jha et al.,
unpublished data) by online oligo design tool (IDT) and
analyzed for specificity, Tm, and other parameters by oligo
analyzer. The polyubiquitin (Ub) was used as an endogenous
control for data normalization. The specificity of the ampli-
fication was verified by melt-curve analyses. The relative
transcript level was calculated by using 2724, where ACt
denotes the difference between Ct (cycle threshold) values
of a target gene and the endogenous control (Ub in this case)
in the same sample, and AACt is the difference between the
ACt value of a treatment sample and the untreated control
sample (Agarwal et al. 2009). The data of quantitative real-
time PCR presented as mean =+ standards errors of at least
three independent biological replicates along with three
technical replicates for each sample.

Statistical Analysis

All results were displayed as mean + standard deviation
(SD) of at least 20 replicates for phenotypic analysis, in
three independent experiments. Data were analyzed by
one-way ANOVA using the statistical software IBM SPSS
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Statistics 20.0. The post-hoc Duncan’s multiple range test
(DMRT) was used to compare the treatment mean values,
with significance at p <0.05. Multivariate cluster analysis of
various genotypes was performed with SPSS 20.0 based on
Ward’s algorithm, and principal component analysis (PCA)
analysis was performed using XLSTAT (Microsoft Excel).
The correlation study was performed using the Pearson
correlation method. For physio-biochemical and molecular
analysis, three independent biological replicates along with
three technical replicates were analyzed for each sample, and
results were displayed as mean + standard deviation (SD).
The post-hoc DMRT and student’s t-test were used to com-
pare the treatment mean values (p < 0.05), for physiological
and qRT-PCR data analysis, respectively.

Results

Screening for Salt Stress Tolerance in Pearl Millet
Genotypes and Analysis of Growth Parameters

A total of 33 genotypes of pearl millet (Iandraces and inbred
lines) obtained from NBPGR and ICRISAT were screened
for salt stress tolerance over a range of salt concentrations
(details of all accessions are shown in Table 1). In vitro
grown seedlings were treated with different concentrations
of salt (0 to 150 mM NaCl), to which plants exhibit salt
stress phenotype, but can survive the treatment. Set-up for
the hydroponic system has been standardized for pearl mil-
let following IRRI standard protocol. For analysis of geno-
type X salinity level treatment combinations, phenotypic
characters such as relative shoot length and relative fresh
weight were recorded at 7, 14, and 21 days after salt treat-
ment. A large variation in salt tolerance levels were detected
among various pearl millet genotypes (Supplementary Fig.
S2), which exhibited a significant reduction of 28-83% (7d),
17-100% (14d), 44-100% (21d) in relative fresh weight, and
of 15-63% (7d), 31-100% (14d), 26-100% (21d) in relative
shoot length, after treatment with 150 mM NaCl (Supple-
mentary Tables S1 and S2).

The differential effect of salinity on morphological char-
acters of various pearl millet genotypes after treatment

with 150 mM NaCl was determined by analysis of variance
(ANOVA), which indicated a highly significant difference
in all the observed traits in both treatments and genotypes
(Table 2). The genotype x treatment interactions were also
significant at probability level p <0.01. The mean square
values due to salt treatment were found highly significant for
all the investigated traits at different time intervals, indicat-
ing the presence of considerable variations among genotypes
for salinity tolerance (Table 2).

Since the genotypes exhibited distinct variability in all
observed traits after 14 days of treatment with 150 mM
NaCl, we have selected this time period for the calcula-
tion of stress indices and further analysis. These genotypes
exhibited differences for various stress tolerance indices
(STI, ST, SSI, TOL), and ranked based on those multiple
stress indices along with scoring for visual injury due to salt
stress (Table 3, Supplementary Table S3). The highest STI
values were obtained for IC 285173, IC 285176, IC 325825,
IC 329041, IC 370482, IC 370507, and IC 420315 (ranked
as 1-3), revealing that these genotypes exhibited a lesser
reduction in the observed growth parameters and a higher
tolerance for the imposed salt stress; whereas the lowest
STI value was found for IC 285172, IC 285175, IC 285177,
IC 325765, IC 370487, IC 420309, IC 420317, IP 17224,
IP 17276, IP 17399, PRC2-18933, 863B-P2 and 841B- P3
(ranked as 9), indicating that these genotypes exhibited the
higher salt sensitivity. Similar results were obtained for ST
(Table 3, Supplementary Table S3). On the other hand, IC
285172, IC 285175, IC 325765, IC 370487, IC 420309, IC
420317, 1P 17224, 1P 17276, IP 17399, PRC2-18933, 863B-
P2 and 841B- P3 (ranked as 9) showed the highest SSI (and/
or TOL) values, and considered as the salt-sensitive geno-
types, in contrast to the salt-tolerant genotypes IC 285176,
1C285178 and IC 325825 (ranked as 1-3), having lowest SSI
(and/or TOL) values. Similar results were obtained from vis-
ual scoring of salt induced injury and survival in pear]l millet
genotypes, confirming IC 285172, IC 285175, IC 285177,
IC 325765, IC 370487, IC 420309, IC 420317, IP 17224,
IP 17276, 1P 17399, PRC2-18933, 863B-P2 and 841B- P3
(ranked as 9) with minimum survival rate under stress as
salt-sensitive, and IC 285176, 1C285178, IC 325750, IC
325776, IC 325794, IC 325825, IC 329041, IC 370482 and

Table2 ANOVA of morphological traits for salinity stress tolerance in the 33 genotypes of pearl millet after treatment with 150 mM NaCl.

Mean Square values are displayed for each trait

Source of Variance df 7d FW 14d FW 21d FW 7d SL 14d SL 21d SL
Genotypes (G) 32 1.442™ 1.160" 0.752" 388.5912°" 254.726™ 174.874™
Treatment (T) 1 34.098" 1343717 242.424™ 13,730.5922"" 62,231.478" 105,455.277"
GXT 32 0.380™ 0.798™ 0.885™ 65.0652™ 231.208" 153.324™
Error 413 0.106 0.250 0.311 21.4422 25.805 24.140

“significant at p <0.01probability level
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Table 3 Ranking of the 33 genotypes of pearl millet on the basis of standard visual scoring system and various stress indices calculated by using

fresh weight data after 14 days of treatment with 150 mM NaCl

Accession Genotype STI? TOLP SSI° ST¢ Survival (%)
code

2 IC 285172 0[9] 2.189333 [8] 1.230815 [9] 0[9] 0[9]

3 IC 285173 0.579143506 [2] 1.279333 [4] 0.782113 [4] 0.353654 [3] 12.5 [8]

4 IC 285175 0 [9] 2.736667 [9] 1.210054 [9] 0[9] 0[9]

5 IC 285176 1421369786 [1] 0.684359 [2] 0.373411 [2] 0.691409 [1] 56 [1]

6 IC 285177 0 [9] 1.644 [6] 1.210054 [9] 0[9] 0[9]

7 IC285178 0.174905073 [6] 0.511[2] 0.650197 [3] 0.462671 [2] 50 [2]

8 1C285185 0.101783851 [7] 0.899 [3] 0.973893 [7] 0.195166 [7] 16.6666667 [6]
9 IC 325750 0.10383141 [7] 0.700091 [2] 0.883282 [6] 0.270047 [4] 50 [2]

10 IC 325765 0[9] 0.907143 [3] 1.210054 [9] 0 [9] 0[9]

11 IC 325776 0.182775885 [6] 0.833 [3] 0.841381 [5] 0.304674 [3] 50 [2]

12 IC 325794 0.11042186 [7] 0.918571 [3] 0.967742 [7] 0.200249 [7] 52.5[1]

13 IC 325825 0.486903245 [3] 0.213556 [1] 0.216911 [1] 0.820742 [1] 58 [1]

14 IC 329028 0.161599155 [6] 0.924643 [3] 0.904397 [6] 0.252598 [5] 40 [3]

15 IC 329031 0.053718097 [8] 0.858571 [3] 1.050928 [8] 0.131503 [8] 33.3333333 [4]
16 IC 329041 0.602620791 [2] 1.568 [6] 0.855439 [5] 0.293057 [4] 50 [2]

17 IC 370482 0.595668171 [2] 2.003333 [7] 0.94693 [6] 0.217448 [6] 48.3333333 [2]
18 IC 370487 0[9] 1.805833 [7] 1.210054 [9] 0[9] 0[9]

19 IC 370507 0.51896841 [2] 1.469286 [5] 0.859193 [5] 0.289955 [4] 20 [5]

20 IC 420309 01[9] 1.101429 [4] 1.210054 [9] 0[9] 0[9]

21 IC 420312 0.361329395 [4] 1.369231 [5] 0.900835 [6] 0.255542 [5] 12.5 [8]

22 IC 420314 0.243539755 [5] 1.276905 [4] 0.945856 [6] 0.218336 [6] 33.3333333 [4]
23 IC 420315 0.442441618 [3] 1.287 [4] 0.838632 [5] 0.306947 [3] 14.2857143 [7]
24 IC 420317 01[9] 1.345 [5] 1.210054 [9] 0[9] 0[9]

25 1C420319 0.241014877 [5] 1.55 [6] 1.008378 [8] 0.166667 [7] 20 [5]

26 IP 17196 0.116249133 [7] 0.690833 [2] 0.856648 [5] 0.292058 [4] 50 [2]

27 IP 17224 01[9] 0.926923 [3] 1.210054 [9] 0[9] 01[9]

28 IP 17276 01[9] 1.248182 [4] 1.210054 [9] 01[9] 0 [9]

29 IP 17319 0.188305935 [6] 0.937143 [3] 0.881016 [6] 0.27192 [4] 40 [3]

30 IP 17399 0 [9] 2.084167 [8] 1.210054 [9] 0[9] 0[9]

31 PRC2-18933 0 [9] 1.588333 [6] 1.210054 [9] 0[9] 0 [9]

32 ICMB-90111B-P6 0.1056854 [7] 0.722 [2] 0.891489 [6] 0.263265 [4] 33.3333333 [4]
33 863B-P2 0 [9] 1.455385 [5] 1.210054 [9] 0[9] 0[9]

34 841B- P3 01[9] 1.742 [6] 1.210054 [9] 0[9] 0[9]

Note: The numbers in parentheses denote the rank of the genotype for each stress index

Stress Tolerance Index
>Tolerance Index

“Stress Susceptibility Index
dSalt Tolerance

IP 17196 (ranked as 1-2) with highest survival rate under
stress as salt-tolerant genotypes (Table 3, Supplementary
Table S3).

Correlation Analysis

The Pearson correlation coefficient () was calculated to
demonstrate the association among various stress indices,
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survival rate, and observed traits (Table 4). The results
showed a weak non-significant correlation between the
morphological traits under the stressed condition (Ys) and
control unstressed condition (Yp), indicating the fact that
optimum growth and larger biomass in a non-stressed envi-
ronment does not necessarily result in a better phenotype
under a stressed condition. For example, IC 370487 selected
in this study as a “salt-sensitive” genotype showed a good
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Table 4 Correlat.ion matrix Ypt Ysb STI® TOLY SST® ST! Survival %
(Pearson) for various stress
indices derived in the present Yp? 1
study Ys 0256™ 1
STI® 0.426" 0.957" 1
TOL? 0.789" —-0.391" -0.202™ 1
SSI® 0.035™ -0.910"  -0.753""  0.612" 1
STf -0.032™  0.910" 0.753" —0.609™  —1.000" 1
Survival %  —0.168™  0.671"" 0.532™ —0.586"  —0.797"  0.796" 1

"non-significant
“significant at p <0.05
“significant at p <0.01

4Growth related trait for each genotype under control condition

Growth related trait for each genotype under stress condition

“Stress Tolerance Index
4Tolerance Index

“Stress Susceptibility Index
fSalt Tolerance

phenotype and higher biomass under unstressed conditions,
but it exhibited a maximum reduction in relative fresh
weight and relative shoot length after imposing salt stress
(Supplementary Table S2). On the other hand, a significant
negative association was found between Ys and TOL or SSI
(Table 4), indicating that the lower values of TOL and SSI
are associated with salt tolerance under a stressed environ-
ment. Conversely, Ys had a significant positive correlation
with STI, ST, and survival rate, indicating that a higher value
of these stress indices is a suitable predictor of stress toler-
ance (Table 4). Moreover, the TOL and SSI values showed
a significant positive correlation between each other, and
are negatively correlated with ST and survival rate. The STI
has shown a significant positive correlation with ST and sur-
vival rate, while negatively correlated with SSI and TOL
(Table 4). The results indicated that these stress indices can
distinct between salt-sensitive and tolerant genotypes, and
could be used as selection criteria for tolerant genotypes of
pearl millet under salinity stress.

Multivariate Cluster Analysis

In the present study, cluster analysis using Ward’s algorithm
and squared Euclidean distance categorized 33 pearl millet
genotypes into three groups (Fig. 1, Supplementary Fig. S3).
Members of each cluster are shown in Table 5 and Sup-
plementary Table S4. Based on this analysis, members of
cluster-1, cluster-II, and cluster-11I were identified as salt-
sensitive, moderately tolerant, and highly tolerant genotypes,
respectively (Fig. 1). The clustering was performed based
on various stress indices as described above, after imposing
salinity stress for 14 days. The classification based on rela-
tive fresh weight (Fig. 1, Table 5) was generally consistent

with the relative shoot length (Supplementary Fig. S3,
Supplementary Table S4). The phylogenetic distance and
variability were minimum within a cluster, as compared to
maximum genetic distance and dissimilarity between two
clusters. The results were in good correlation with the phe-
notypic observations.

Principal Component Analysis

In addition to cluster analysis, principal component analysis
(PCA) based on various stress tolerance indices and survival
rate was performed to detect superior genotype among all
pearl millet genotypes under study. The analysis has grouped
the variables into two main components that accounted for
89.54% of the total variability in the dataset and had eigen-
value > 1 (Fig. 2). The biplot diagram showed that the first
principal component (PC1 or F1) accounted for maximum
variability in the dataset (i.e., 72.46%), and had a strong
positive correlation with STI, ST, survival rate, and relative
fresh weight (RFW). The results indicated that these indices
can identify the tolerant genotype that executes well under
salinity-stressed conditions. In contrast, PC1 is negatively
correlated with SSI and TOL. It can be concluded that the
traits, which contributed more positively to the first principal
component (STI, ST, RFW, and survival rate) were the best
indicator of salinity stress tolerance in pearl millet genotypes
under study.

Differential Physiological and Biochemical
Responses of the Contrasting Pearl Millet Genotypes

Based on the results of screening, we have selected some
highly salt-tolerant and sensitive genotypes of pearl
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Fig. 1 Dendrogram showing
clustering of the 33 Pearl millet
genotypes using Ward’s linkage.
The clustering was performed
based on various stress toler-
ance indices (STI, TOL, SSI,
ST, calculated from fresh
weight data) and survival rate
after 14 days of salt treatment at
150 mM NaCl concentration

Table 5 Categorization of the
33 genotypes of pearl millet
for salinity tolerance on the
basis of fresh weight recorded
after 14 days of treatment with
150 mM NaCl

millet (two from each category) for further physiologi-
cal, biochemical, and molecular analysis (Fig. 3). The IC
285176 and IC 325825 were the best performer under salt
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stress with the highest scoring and exhibited a minimum
decrease in the observed traits after 14 days of treatment
with 150 mM NaCl (30.8% and 17.9% in relative fresh
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Fig.2 The Biplot showing
Principal Component Analysis
(PCA) to examine the impor-
tance of various stress indices
contributing to salinity toler-
ance and superior genotypes. 5
The variables used here are

Stress Tolerance Index (STI),

Tolerance index (TOL), Stress

susceptibility index (SSI), Salt 4
Tolerance (ST), Relative Fresh
Weight (RFW), and Survival
rate

F2(1 7h;08 %)

TOI « Active observations

Biplot (axes F1 and F2: 89.54 %)

* Active variables

STI

o T

IP 17224 IC 370487
Sensitive genotypes

IC 285176 IC 325825
Tolerant genotypes

Fig. 3 Phenotype of contrasting genotypes of pearl millet after 3 days
of salt treatment at (a) 0 mM NaCl, (b) 150 mM NaCl concentration

weight, 31.3 and 38.3% in relative shoot length for IC
285176 and IC 325825, respectively), therefore selected as
“salt-tolerant genotypes” (Table 3, Supplementary Tables
S2, S3). Whereas, IC 370487 and IP 17224 had the worst
performance under salt stress with the lowest ranking and
exhibited a maximum relative decrease in both traits after
14 days of treatment with 150 mM NaCl (100% in relative
fresh weight and relative shoot length for both genotypes),
therefore selected as “salt-sensitive genotypes” (Table 3,
Supplementary Tables S2, S3).

Survival

0 2 4 6
F1(72.46 %)

The seed germination ability of all the four genotypes was
analyzed over a range of 0 to 250 mM NaCl. The percentage
of germination was found to be reduced for all genotypes at
all salt concentrations, but this decline was more profound
for the salt-sensitive genotypes (IC 370487 and IP 17224), as
compared to the tolerant ones (IC 285176 and IC 325825).
At 250 mM NaCl, IC 285176 and IC 325825 exhibited 47%
and 37% seed germination, respectively, whereas only 5%
and 13% seeds were able to germinate at this salt concen-
tration for IC 370487 and IP 17224, respectively (Fig. 4a).

The hydroponically grown seedlings of all the four geno-
types were analyzed for content of osmolytes/compatible
solutes and antioxidant enzyme activities, after three days
of treatment with 150 mM NaCl, the time point where they
exhibited the differential morphological response but did
not die due to the imposed stress (Fig. 3). A sudden spurt
in the free proline content was observed for all the four
genotypes after imposing stress, but the results showed a
more significant increase for the tolerant genotypes as com-
pared to the sensitive ones. The genotypes IC 325825 and
IC 285176 exhibited ~40 and ~ 37-fold increase in the pro-
line accumulation, respectively, in contrast to the~11 and
16-fold increase for IP 17224 and IC 370487, respectively
(Fig. 4b) that might not quite enough to withstand the effect
of the imposed stress. In contrast, the total soluble sugar
content was observed to be significantly elevated (~2-3-
fold) equally for all the four genotypes, but the basal level
of the sugar content was higher in the tolerant genotypes
as compared to the sensitive genotypes, resulting in greater
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Fig.4 Effect of salt stress on various physiological and biochemical
parameters in stress-tolerant (IC 325825 and IC 285176) and sensi-
tive (IP 17224 and IC 370487) genotypes of pear]l millet after three
days of NaCl treatment at 0 mM (control) and 150 mM (treatment)
concentrations. a Seed germination; b,c Compatible solutes: b proline
content; ¢ total soluble sugar content; d,e Antioxidant enzyme activ-
ity: d Catalase activity expressed in units per gram FW. One unit is
equivalent to 1 pmol of H,O, decomposed per min under standard

sugar accumulation under stress condition (Fig. 4c), provid-
ing more salt tolerance.

The modulation of antioxidant enzyme activity after
the imposition of salt stress differed significantly among
all the four genotypes of pearl millet. The catalase (CAT)
activity was increased (~ 1.7-2-fold) for the tolerant geno-
types IC 325825 and IC 285176, whereas no significant
change for its activity was observed in the sensitive gen-
otypes IP 17224 and IC 370487 under stress condition
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0 150
NaCl concentration (mM)

conditions; e Peroxidase (Guaiacol) activity expressed in units per
gram FW. One unit is equivalent to the amount of enzyme catalyzing
the formation of 1 pmol of GDHP guaiacol dehydrogenation prod-
uct per min by oxidation of guaiacol. Data represent the mean val-
ues +SD of three independent experiments, each having at least three
biological replicates. Different letters on the graphs denote significant
differences according to Duncan’s multiple range test (P <0.05)

(Fig. 4d). In contrast to this, the activity of the peroxidase
(POX) enzyme exhibited no significant change in the tol-
erant genotypes, whereas it showed a significant ~ twofold
increase in the sensitive genotypes under stress conditions
(Fig. 4e). Here it is worthwhile to mention that the native
activity of this enzyme was almost double in the toler-
ant genotypes IC 325825 and IC 285176, as compared to
the sensitive genotypes IP 17224 and IC 370487, which
remained higher even after exposure to salt stress (Fig. 4e).
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Gene Expression Profiling of the Contrasting Pearl
Millet Genotypes

The expression of stress-responsive genes in the selected
contrasting genotypes of pearl millet subjected to 150 mM
NaCl was analyzed by quantitative real-time PCR. For this,
the transcript levels of few selected antioxidant genes were
measured under control (C) and 150 mM NaCl treatment
(T) conditions. The primers for these genes were designed
from the sequences obtained from pearl millet salinity tran-
scriptome data (Supplementary Table S5). The sequences
of primers used in this study are shown in Supplemen-
tary Table S6. The mRNA level of catalase (CAT) did not
show any significant alteration in the tolerant genotypes IC
325825 and IC 285176 under stress conditions, whereas its
expression was significantly reduced to~0.2 to 0.5-fold in
the sensitive genotypes IC 370487 and IP 17224 (Fig. 5a).
In contrast to this, glutamate dehydrogenase (GDH) expres-
sion exhibited a significant ~3 to 4-fold upregulation in the
tolerant genotypes as opposed to the salt-sensitive geno-
types, where its transcript level did not change significantly
after exposure to salt stress (Fig. 5b). On the other hand, the

(a)

transcript level of glutathione reductase (GR) did not exhibit
any significant change in all the four genotypes under stress
conditions (Fig. 5¢). Similarly, the mRNA level of nitrate
reductase (NVR) did not show significant alteration in the sen-
sitive genotypes, whereas its expression was significantly
induced by ~ 2 to 3-fold in the tolerant genotypes after the
imposition of salt stress (Fig. 5d).

Discussion

The performance of a plant species under abiotic stress
should be analyzed by studying the observed trait variabil-
ity among several genotypes to select the superior geno-
types with greater stress tolerance. Landraces of crops are
reported to contain genes for environmental stress tolerance
and can be used as a donor for crop improvement programs.
However, only a few studies have evaluated the salt toler-
ance potential of different genotypes of pearl millet (Supple-
mentary Table S7). Early vegetative growth stage has been
reported to be more sensitive to salt stress, as compared to
the adult stage (Cardamone et al. 2018; Mukhopadhyay et al.

(b)
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Fig.5 Expression profiling of the selected stress-responsive genes in
both tolerant (IC 325825 and IC 285176) and sensitive (IP 17224 and
IC 370487) genotypes of pearl millet by Real-time quantitative PCR.
a Catalase (CAT); b glutamate dehydrogenase (GDH); ¢ glutathione
reductase (GR); d nitrate reductase (NVR) genes. The data presented
here represent mean =+ standards errors of three independent biologi-

150

NaCl concentration (mM)

cal replicates with three technical replicates for each sample. Values
were calculated relative to the unstressed control (0 MM NaCl) of the
sensitive genotype IP 17224. Asterisks on the graphs denote signifi-
cant differences according to student’s t-test (P <0.05), ns—non-sig-
nificant
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2005; Rajabi Dehnavi et al. 2020). Abiotic stress during the
early vegetative stage is the major cause of grain yield reduc-
tion in pearl millet due to the death of the seedlings and
poor establishment of the crop (Shivhare and Lata 2017).
Therefore, in the present study, 33 pearl millet genotypes
were screened for salt stress tolerance during early vegeta-
tive growth stage. Although the seedling stage salt stress
responses may not correlate well with the adult plant stage,
these are highly predictive of adult plant performance under
salinity (Uddin et al. 2017). Rice is found to be salt-tolerant
at germination and later vegetative stage, but highly sensi-
tive during seedling and reproductive stages, whereas, both
vegetative and reproductive stages were affected by salinity
in wheat (Maity and Satya 2014). In pearl millet, early and
late seedling growth stages and reproductive stages were
found to be affected under salt and water-deficit stress (Hus-
sain et al. 2008; Radhouane 2008; Shivhare and Lata 2019).

The relative decrease in shoot growth, fresh weight or
total biomass are strong indicators of salt stress response
in plants (Negrdo et al. 2017). Therefore, we have selected
these two traits for the screening of pearl millet genotypes
under salinity stress. The genotypic variability and genotype
X treatment interactions of these traits were highly signifi-
cant, as evident from ANOVA. These results were in agree-
ment with the earlier studies in the contrasting genotypes
of rice, wheat, pearl millet, foxtail millet and other plants
under drought or salinity stress (Krishnamurthy et al. 2016;
Lapuimakuni et al. 2018; Singh et al. 2015; 2018; Vaezi
et al. 2020). In the present study, 33 genotypes of pearl mil-
let were ranked according to salt tolerance potential based
of visual symptoms of salt injury as per the standard eval-
uation system (Negrdo et al. 2017). In addition, multiple
stress indices viz. STI, SSI, ST, and TOL were employed
for determining the stress tolerance potential of pearl mil-
let genotypes. The STI and ST are commonly used indices
that have been reported previously to select the superior
genotypes (Fernandez 1992; Krishnamurthy et al. 2016;
Singh et al. 2015). The TOL index measures the differences
in biomass production or yield under stressed and control
conditions (Rosielle and Hamblin 1981), whereas the SSI
identifies genotypes exhibiting a minimum reduction in
growth parameters under a stressed environment (Fischer
and Mourer 1978). In our study, the lower value of SSI and
TOL and higher value of STI and ST indicate the superior-
ity of the genotypes having enough plasticity to respond to
extreme conditions. These observations are in accordance
with the earlier studies in rice, wheat, and many other crops
(Singh et al. 2015; Krishnamurthy et al. 2016). Besides
this, the correlation among various stress indices and the
observed traits is a valuable parameter for the identifica-
tion of superior genotypes (Negrao et al. 2017). The current
study demonstrated a negative correlation of Ys (biomass
production under stress) with TOL and SSI, while it was
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positively correlated with STI and ST, further confirming
the direct association between stress tolerance and multiple
stress indices. Based on multiple stress indices, all the 33
pearl millet genotypes were classified into sensitive, mod-
erately tolerant, and highly tolerant groups, depending on
their relative potential to sustain good growth under high
salinity. These results were in agreement with the previous
reports describing multivariate cluster analysis for salt and
drought stress screening of genotypes of wheat, rice, bar-
ley etc. (Ahmad et al. 2008; Singh et al. 2015; Zeng 2005).
Moreover, PCA analysis was successfully used in the pre-
sent study for identification of the key attributes contributing
to stress tolerance, as reported earlier (Lapuimakuni et al.
2018; Vaezi et al. 2020).

In the present study, we have selected some salt-tolerant
and sensitive genotypes for further physio-biochemical,
and gene expression analysis. Our results showed that
NaCl treatment resulted in a significant reduction in seed
germination percentage in the sensitive genotypes of pearl
millet, due to sodium ion toxicity or osmotic stress (Singh
et al. 2018). Furthermore, free proline levels were found
to be increased in all the selected pearl millet genotypes
under salt stress, however, the increase was more profound
in the tolerant genotypes, as reported earlier (Mukhopad-
hyay et al. 2007). Proline is an important amino acid, which
act as an osmoprotectant, ROS scavenger, metal chelator,
membrane protein stabilizer, and signaling molecule (Haya
et al. 2012). It provides salt tolerance via regulating solute
potential (osmotic adjustment), thereby enhancing water
uptake from the soil. Moreover, soluble sugars also act as
an osmoprotectant and play a critical role in plant defense
against abiotic stress (Zulfigar et al. 2020). In our study, the
total soluble sugar content was increased in all the four geno-
types of pearl millet with higher basal levels in the tolerant
genotype, which was in agreement with the previous stud-
ies (Shinde et al. 2018). A strong reactive oxygen species
(ROS) scavenging antioxidant system dictates the salt toler-
ance potential of plants. In our study, a significant increase
in the activity of catalase (CAT) enzyme was evident in the
tolerant genotypes under stress condition, as observed ear-
lier Jogeswar et al. 2006; Mukhopadhyay et al. 2007). This
finding confirms that the tolerant genotypes utilize catalase
as a potent antioxidant enzyme for improved scavenging of
H,0,. Peroxidases (POX) are other enzymes involved in the
decomposition of peroxide radicals. Its activity was signifi-
cantly enhanced under salt stress in the sensitive genotypes,
but it was not adequate to overcome the detrimental effect
of a large number of ROS generated under high salinity. On
the other hand, a non-significant change in POX activity
in the tolerant genotypes indicates that this enzyme is not
directly involved in protection against oxidative stress, and
there might be activated coordination among other antioxi-
dant enzymes for establishing proper ROS homeostasis.
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The differential expression of antioxidant genes has been
reported in the contrasting genotypes of rice and pearl millet
under abiotic stress (Shivhare and Lata 2019; Singh et al.
2018). Interestingly, we did not find any correlation between
CAT transcript level and enzyme activity. This discrepancy
could be explained by complex multi-level regulation of
CAT gene expression at post-transcriptional, translational,
and post-translational levels (Ara et al. 2013; Luna et al.
2005; Ni and Trelease 1991; Palma et al. 2020). For exam-
ple, the enhanced catalase activity in rice and wheat under
salt and drought stress was negatively correlated with its
transcript level (Luna et al. 2005; Rossatto et al. 2017). Simi-
lar results were reported by Zhang et al. (2014) in seedlings
of Limonium sinense Kuntze, where catalase enzyme activ-
ity decreased after 4 days of salt stress, whereas mRNA
level of LsCAT showed a significant increase throughout the
treatment period. Recently, catalase activity is shown to be
modulated by post-translational modifications (Palma et al.
2020). Glutathione reductase (GR) is one of the important
enzymes of the ascorbate—glutathione pathway that detoxify
the ROS by catalyzing NADPH-dependent reduction of oxi-
dized glutathione. Our results showed no significant change
in the GR transcript level in all the genotypes under salinity,
in contrast to the previous reports (Jogeswar et al. 2006;
Mukhopadhyay et al. 2007). This indicates that the impact
of salinity on antioxidant system is much complicated and
influenced by the salt concentration, treatment time, and
genotype. However, we found a profound increase in the
transcript levels of two antioxidant enzymes namely, NR and
GDH in the tolerant genotypes, which suggests their major
role as ROS scavengers under salt stress. Nitrate reductase
catalyzes the reduction of nitrate to nitrite, a rate-limiting
step in plant development, whereas GDH is a major com-
ponent of the ammonium assimilation pathway. Their lev-
els were reported to be regulated in tomato, rice and wheat
under salinity (Fariduddin et al. 2013; Guellim et al. 2019;
Nguyen et al. 2005). Therefore, it is suggested that these
free radical detoxifying enzymes may function in providing
tolerance to salinity stress in pearl millet genotypes.

Conclusion

The present study demonstrated the presence of substantial
genetic diversity among the 33 genotypes of pearl millet
for salinity stress tolerance at the early vegetative stage.
Our observations were supported by extensive statistical
analyses of morphological parameters such as multivariate
cluster analysis, correlation, and PCA. This study favors
the use of multiple stress indices to determine the salt
tolerance potential of pearl millet genotypes. We have
identified two highly tolerant, 18 moderately tolerant, and
13 salt-sensitive genotypes from this study. The selected

contrasting genotypes of pearl millet exhibited consider-
able differences for salinity stress tolerance, as evident
from the morphological, physio-biochemical, and gene
expression analysis. Our results indicated that the higher
content of osmolytes plays a major role in ameliorating the
harmful effects of salinity stress in the tolerant genotypes.
Thus, osmotic adjustment and efficient scavenging of free
radicals can be considered as key mechanisms controlling
salt tolerance among pearl millet genotypes, although there
is a possibility of involvement of multiple mechanisms, to
be investigated in the future. These contrasting genotypes
of pearl millet could be utilized for mining novel candi-
date genes imparting salt tolerance, aiming toward crop
improvement through genomics and molecular breeding
approaches.
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Acknowledgements The authors gratefully acknowledge the Depart-
ment of Science and Technology, Government of India for the DST-
SERB Young Scientist grant (SB/YS/LS-39/2014) to provide finan-
cial support for the research and project-fellowship to JS and CC. The
authors also acknowledge the University Grants Commission, Govern-
ment of India for UGC-BSR Start-up research grant (F.30-50/2014/
BSR); UGC-CAS program, and DST-FIST program in Department of
Botany, J.N.V. University, Jodhpur (India) for providing basic infra-
structural facilities, and CGIAR Research Program on Grain Legumes
and Dryland Cereals. We also acknowledge Directors, NBPGR &
ICRISAT for providing the valuable germplasms of pearl millet for
the study, and Dr. Charu Lata (Sr. Scientist, CSIR-NISCAIR, New
Delhi) for helping in data analysis.

Authors’ contribution SJ conceptualized and designed the experiments.
JS performed the screening of genotypes, CC performed physio-bio-
chemical analysis and SJ carried out the molecular analysis. SJ ana-
lyzed and interpreted the data, and wrote the entire manuscript. OS and
RKS critically reviewed and helped in the revision of the manuscript.

Funding The authors gratefully acknowledge Department of Science
and Technology, Government of India for DST-SERB Young Scientist
grant (SB/YS/LS-39/2014) to provide financial support for the research
and project-fellowship to JS and CC. The authors also acknowledge
University Grants Commission, Government of India for UGC-BSR
Start-up research grant (F.30-50/2014/BSR); UGC-CAS program and
DST-FIST program in Department of Botany, J.N.V. University, Jodh-
pur, India for providing basic infrastructural facilities.

Data Availability Available to scientific community.

Code Availability NA

Declarations

Conflict of interest The authors declare no financial or commercial
conflict of interest.

Ethics Approval NA

Consent to Participate NA

@ Springer


https://doi.org/10.1007/s00344-021-10424-0

Journal of Plant Growth Regulation

Consent for Publication NA

References

Aebi H (1984) Catalase in Vitro Methods Enzymol 105:121-126

Agarwal S, Jha S, Sanyal I, Amla DV (2009) Effect of point muta-
tions in translation initiation context on the expression of
recombinant human al-proteinase inhibitor in transgenic tomato
plants. Plant Cell Rep 28:1791-1798

Ahmad Z, Ajmal SU, Munir M, Zubair M, Masood MS (2008)
Genetic diversity for morpho-genetic traits in barley germplasm.
Pak J Bot 40:1217-1224

Ara N, Nakkanong K, Lv W, Yang J, Hu Z, Zhang M (2013) Anti-
oxidant enzymatic activities and gene expression associated
with heat tolerance in the stems and roots of two cucurbit
species (“Cucurbita maxima” and “Cucurbita moschata”)
and their interspecific inbred line “Maxchata.” Int J] Mol Sci
14(12):24008-24028

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free
proline for water-stress studies. Plant Soil 39:205-207

Cardamone L, Cuatrin A, Grunberg K, Tomas MA (2018) Vari-
ability for salt tolerance in a collection of Panicum coloratum
var. makarikariense during early growth stages. Trop Grassl-
Forrajes Tropicales 6(3):134-147

Choudhary S, Vadez V, Tom Hash C et al (2019) Pearl millet map-
ping population parents: performance and selection under salt
stress across environments varying in evaporative demand. Proc
Natl Acad Sci, India, Sect B Biol Sci 89:201-211

Fariduddin Q, Ahmad BA, Ahmad A (2013) Physiological and bio-
chemical traits as tools to screen sensitive and resistant varie-
ties of tomatoes exposed to salt stress. Braz J Plant Physiol
24(4):281-292

Fernandez GCJ 1992 Effective selection criteria for assessing stress
tolerance. In Kuo CG (ed) Proceedings of the international sym-
posium on adaptation of vegetables and other food crops in
temperature and water stress, Taiwan, pp. 257-270

Fischer RA, Maurer R (1978) Drought resistance in spring wheat
cultivars. I. Grain yield response. Aust J Agric Res 29:897-907

Food and Agriculture Organization of the United Nations 2011 The
state of the world’s land and water resources for food and agricul-
ture; managing systems at risk. http://www.fao.org/3/a-11688e.pdf

Genc Y, McDonald GK, Tester M (2007) Reassessment of tissue Na™
concentration as a criterion for salinity tolerance in bread wheat.
Plant Cell Environ 30:1486-1498

Gregorio GB, Senadhira D, Mendoza RD 1997 Screening rice for
salinity tolerance. IRRI Discussion Paper Series No. 22:1-30,
International Rice research Institute, Manila, Philippines

Guellim A, Catterou M, Chabrerie O, Tetu T, Hirel B, Dubois F,
Ahmed HB, Kichey T (2019) Identification of phenotypic and
physiological markers of salt stress tolerance in durum wheat
(Triticum durum Desf) through integrated analyses. Agronomy
9:e844

Haya S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J, Ahmad A
(2012) Role of proline under changing environments: a review.
Plant Signal Behav 7(11):1456-1466

Hoang TML, Tran TN, Nguyen TKT, Williams B, Wurm P, Bellairs
S, Mundree S (2016) Improvement of salinity stress tolerance
in rice: challenges and opportunities. Agronomy 6:54

Honold GR, Stahmann MA (1968) The oxidation-reduction enzymes
of wheat iv qualitative and quantitative investigations of the
oxidases. Cereal Chem 45(2):99-108

Hussain K, Ashraf M, Ashraf MY (2008) Relationship between
growth and ion relation in pearl millet (Pennisetum glaucum

@ Springer

(L) R Br) at different growth stages under salt stress. Afr J Plant
Sci 2(3):23-27

Jha S (2018) Proteomics of salinity stress: opportunities and chal-
lenges. In: Ramakrishna A, Gill SS (eds) Metabolic adaptations
in plants during abiotic stress, CRC Press, Taylor & Francis
Group. Boca Raton

Jha S (2019) Transgenic approaches for enhancement of salinity
stress tolerance in plants. In: Singh SP et al (eds) Molecular
approaches in plant biology and environmental challenges.
Springer Nature, Singapore

Jogeswar G, Pallela R, Jakka NM, Reddy PS, Rao JV, Sreenivasulu
N, Kavi Kishor PB (2006) Differential response of the antioxi-
dant components of drought susceptible and tolerant varieties
of sorghum during seedling growth under short-term salinity
stress. Acta Physiol Plant 28:465-475

Krishnamurthy L, Serraj R, Rai KN, Hash CT, Dakhee AJ (2007)
Identification of pearl millet [Pennisetum glaucum (L.) R. Br.]
lines tolerant to soil salinity. Euphytica 158:179-188

Krishnamurthy L, Zaman-Allah M, Purushothaman R, Irshad Ahmed
M, Vadez V (2011). Plant Biomass Productivity under Abiotic
Stresses in SAT Agriculture. https://doi.org/10.5772/17279
,Pg247-264

Krishnamurthy L, Upadhyaya HD, Purushothaman R, Gowda CLL,
Kashiwagi J, Dwivedi SL, Singh S, Vadez V (2014) The extent
of variation in salinity tolerance of the minicore collection of
finger millet (Eleusine coracana L. Gaertn.) germplasm. Plant
Sci 227:51-59

Krishnamurthy SL, Sharma PC, Sharma SK, Batra V, Kumar V, Rao
LVS (2016) Effect of salinity and use of stress indices of mor-
phological and physiological traits at the seedling stage in rice.
Indian J Exp Bot 54:843-850

Kulkarni VN, Rai KN, Dakheel AJ, Ibrahim M, Hebbara M, Vadez
V (2006) Pearl millet germplasm adapted to saline conditions.
SAT elJournal 2(1):1-4

Lakra N, Kaur C, Anwar K, Singla-Pareek SL, Pareek A (2018) Pro-
teomics of contrasting rice genotypes: Identification of poten-
tial targets for raising crops for saline environment. Plant Cell
Environ 41(5):947-969

Lapuimakuni S, Khumaida N, Ardie SW (2018) Evaluation of
drought tolerance indices for genotype selection of foxtail mil-
let (Setaria italica). Trop Drylands 2(2):37-40

Luna CM, Pastori GM, Driscoll S, Groten K, Bernard S, Foyer
CH (2005) Drought controls on H,0, accumulation, catalase
(CAT) activity and CAT gene expression in wheat. J Exp Bot
56(411):417-423

Maity RK, Satya P (2014) Research advances in major cereal crops
for adaptation to abiotic stresses. GM Crops Food 5(4):259-279

Manga VK (2015) Diversity in pearl millet [Pennisetum glaucum
(L) R BR] and its management. Indian J Plant Sci 4(1):38-51

Morton MJL, Awlia M, Al-Tamimi N, Saade S, Pailles Y, Negréo S,
Tester M (2019) Salt stress under the scalpel — dissecting the
genetics of salt Tolerance. The Plant J 97:148-163

Mukhopadhyay R, Hash CT, Bhasker Raj AG, Kavi Kishor PB
(2005) Assessment of opportunities to map pearl millet toler-
ance to salinity during germination and early seedling growth.
SAT elJournal 1(1):1-4

Mukhopadhyay R, Reddy PS, Pallela R, Reddy NC, Rao JV, Hash
CT, Kavi Kishor PB (2007) Differential responses of proline,
ion accumulation and antioxidative enzyme activities in pearl
millet [Pennisetum glaucum (L) R Br] lines differing in salt
sensitivity. J Plant Biol 34(3):185-192

Negrdo S, Schmockel SM, Tester M (2017) Evaluating physiologi-
cal responses of plants to salinity stress. Annals Bot 119:1-11

Nguyen HTT, Shim IS, Kobayashi K, Usui K (2005) Regulation of
ammonium accumulation during salt stress in rice (Oryza sativa
1) seedlings. Plant Prod Sci 8(4):397-404


http://www.fao.org/3/a-i1688e.pdf
https://doi.org/10.5772/17279,Pg247-264
https://doi.org/10.5772/17279,Pg247-264

Journal of Plant Growth Regulation

Ni W, Trelease RN (1991) Post-transcriptional regulation of catalase
isozyme expression in cotton seeds. Plant Cell 3(7):737-744

Palma JM, Mateos RM, Loépez-Jaramillo J, Rodriguez-Ruiz M,
Gonzélez-Gordo S, Lechuga-Sancho AM, Corpas FJ (2020) Plant
catalases as NO and H,S targets. Redox Biol 34:¢101525

Quan R, Wang J, Hui J et al (2018) Improvement of salt tolerance using
wild rice genes. Front Plant Sci 8:2269

Radhouane L (2008) Correlation between germination and adult
stage under water stress in some Tunisian autochthonous pearl
millet ecotypes (Pennisetum glaucum (L) R Br). C R Biol
331(8):623-630

Rajabi Dehnavi A, Zahedi M, Ludwiczak A, Cardenas Perez S, Piernik
A (2020) Effect of salinity on seed germination and seedling
development of sorghum (Sorghum bicolor (L) Moench) geno-
types. Agronomy 10(6):e859

Ribadiya TR, Savalia SG, Vadaliya BM, Davara MA (2018) Effect of
salinity on yield, yield attributes and quality of pearl millet (Pen-
nisetum glaucum L) varieties. Int ] Chem Studies 6(6):878—882

Roe JH (1955) The determination of sugars in blood and spinal fluid
with anthrone reagent. J Biol Chem 212:335-338

Rosielle AA, Hamblin J (1981) Theoretical aspects of selection for
yield in stress and non-stress environments. Crop Sci 21:943-946

Rossatto T, do Amaral MN, Benitez LC, Vighi IL, Braga EJB, de
Magalhaes Junior AM, Maia MAC, da Silva Pinto L 2017 Gene
expression and activity of antioxidant enzymes in rice plants,
cv. BRS AG, under saline stress. Physiol Mol Biol Plants 23(4):
865-875

Shinde H, Tanaka K, Dudhate A, Tsugama D, Mine Y, Kamiya T,
Gupta SK, Liu S, Takano T (2018) Comparative de novo tran-
scriptomic profiling of the salinity stress responsiveness in con-
trasting pearl millet lines. Environ Exp Bot 155:619-627

Shivhare R, Lata C (2017) Exploration of genetic and genomic
resources for abiotic and biotic stress tolerance in pearl millet.
Front Plant Sci 7:2069

Shivhare R, Lata C (2019) Assessment of pearl millet genotypes for
drought stress tolerance at early and late seedling stages. Acta
Physiol Plantarum 41:39

Singh S, Sengar RS, Kulshreshtha N, Datta D, Tomar RS, Rao VP,
Garg D, Ojha A (2015) Assessment of multiple tolerance indices
for salinity stress in bread wheat (Triticum aestivum L). J Agri
Sci 7(3):49-57

Singh V, Singh AP, Bhadoria J, Giri J, Singh J, Vineeth TV, Sharma PC
(2018) Differential expression of salt-responsive genes to salinity
stress in salt-tolerant and salt-sensitive rice (Oryza sativa L.) at
seedling stage. Protoplasma 255:1667-1681

Tadele Z (2018) African orphan crops under abiotic stresses: chal-
lenges and opportunities. Scientifica 2018:1451894. https://doi.
org/10.1155/2018/1451894

Toderich K, Shuyskaya E, Rakhmankulova Z, Bukarev R, Khujanaz-
arov T, Zhapaev R, Ismail S, Gupta SK, Yamanaka N, Boboev
F (2018) Threshold tolerance of new genotypes of Pennisetum
glaucum (L) R Br to salinity and drought. Agronomy 8:¢230

Uddin MS, Jahan N, Rahman MZ, Hossain KMW (2017) Growth and
yield response of wheat genotypes to salinity at different growth
stages. Int J Agron Agri R 11(2):60-67

Vaezi H, Mohammadi-Nejad G, Majidi-Heravan E, Nakhoda B,
Darvish-Kajouri F (2020) Effective selection indices for improv-
ing tolerance to water stress in millet germplasm. Int J Plant Prod-
uct 14:93-105

Yadav OP (2010) Drought response of pearl millet landrace-based
populations and their crosses with elite composites. Field Crop
Res 118(1):51-56

Yadav T, Kumar A, Yadav RK, Yadav G, Kumar R, Kushwaha M
(2020) Salicylic acid and thiourea mitigate the salinity and
drought stress on physiological traits governing yield in pearl
millet- wheat. Saudi J Biol Sci 27:2010-2017

Yakubu H, Ngala AL, Dugje I'Y (2010) Screening of millet (Pennisetum
glaucum L) varieties for salt tolerance in semi-arid soil of northern
Nigeria. World J Agri Sci 6(4):374-380

Zeng L (2005) Exploration of relationships between physiological
parameters and growth performance of rice (Oryza sativa L.)
seedlings under salinity stress using multivariate analysis. Plant
Soil 268:51-59

Zhang X, Yin H, Chen S, He J, Guo S 2014 Changes in antioxidant
enzyme activity and transcript levels of related genes in Limonium
sinense Kuntze seedlings under NaCl stress. J] Chem 2014:1-6,
Article ID 749047

Zorb C, Geilfus C-M, Dietz K-J (2019) Salinity and crop yield. Plant
Biol J 21:31-38

Zulfigar F, Akram NA, Ashraf M (2020) Osmoprotection in plants
under abiotic stresses: new insights into a classical phenomenon.
Planta 251(3):1-17

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

@ Springer


https://doi.org/10.1155/2018/1451894
https://doi.org/10.1155/2018/1451894

	Evaluation of Multiple Salinity Tolerance Indices for Screening and Comparative Biochemical and Molecular Analysis of Pearl Millet [Pennisetum glaucum (L.) R. Br.] Genotypes
	Abstract
	Introduction
	Materials and Methods
	Plant Material and Experimental Set-up for Salinity Stress Tolerance Screening

	Biochemical and Molecular Analysis
	Salinity Treatment
	Seed Germination Assay
	Proline Estimation
	Total Soluble Sugar Content

	Assays for Antioxidant Enzymes
	Catalase Activity Assay
	Peroxidase Activity Assay

	RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)
	Statistical Analysis
	Results
	Screening for Salt Stress Tolerance in Pearl Millet Genotypes and Analysis of Growth Parameters
	Correlation Analysis
	Multivariate Cluster Analysis
	Principal Component Analysis
	Differential Physiological and Biochemical Responses of the Contrasting Pearl Millet Genotypes
	Gene Expression Profiling of the Contrasting Pearl Millet Genotypes

	Discussion
	Conclusion
	Acknowledgements 
	References




