
Vol.:(0123456789)1 3

Plant Growth Regulation (2023) 100:479–494 
https://doi.org/10.1007/s10725-022-00826-9

ORIGINAL PAPER

Exogenous selenium treatment alleviates salinity stress in Proso Millet 
(Panicum miliaceum L.) by enhancing the antioxidant defence system 
and regulation of ionic channels

Aadil Rasool1 · Wasifa Hafiz Shah1 · Sajad Ahmad Padder1 · Inayatullah Tahir2 · Hesham F. Alharby3 · 
Khalid Rehman Hakeem3,4,5  · Reiaz ul Rehman1

Received: 2 December 2021 / Accepted: 30 March 2022 / Published online: 19 May 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
Soil salinity is a critical abiotic stress that poses threat to global agricultural production. Salinity induces osmotic and ionic 
stresses, which negatively affect the growth and development of plants. Exogenous applications of trace elements have dem-
onstrated their possible role in overcoming the adverse effects of salt stress in plants. Selenium (Se) is one such candidate with 
tremendous potential of salt stresses alleviation in plants. In this context, the present study was conducted to evaluate the role 
of exogenous Se in mitigating salt stress in proso millet. Proso millet plants were subjected to salinity stress (150 mM NaCl) 
and three concentrations of Se (1 µM, 5 µM and 10 µM) as sodium selenite  (Na2SeO3) was applied for mitigation in three 
increments within 2 weeks. Se (1 µM) improved the fresh weight by 44.14%, biomass accumulation by 46.78%, shoot length 
by 95.42%, and root length by 19.45%, of proso millet plants under 150 mM NaCl stress. Se enhanced the activity of anti-
oxidant enzymes like superoxide dismutase, catalase, ascorbate peroxidase, guaiacol peroxidases, glutathione-S-transferases 
and glutathione reductase by 24.37%, 28.59%, 18.99%, 45.46%, 24.5% and 11.37%, respectively. It also improved levels of 
osmolytes like proline, glycine betaine and total soluble sugar by 37.98%, 17.33% and 22.31% respectively and decreased 
 H2O2 content by 20.68%. Se treatment increased the expression of SOS1, SOS2, SOS3, HKT and NHX transporters by 3.1, 
6.1, 3.4, 3.1 and 2.8-fold respectively. In conclusion, Se in low doses improved the plant’s defense mechanisms by boosting 
the antioxidant machinery and regulating  Na+ transporters, thereby mitigated the adverse effects of salinity stress.
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Introduction

Different abiotic stresses like drought, cold, salinity, floods 
and high temperature negatively impact worldwide agricul-
tural efficiency. Salinity is the most detrimental environ-
mental stress, affecting over 100 countries and resulting in 
decreased crop quality and productivity (Dey et al. 2021; 
Sabagh et al. 2020; FAO 2019). It has been reported that 
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around 20% of the world’s cultivated agricultural land is 
influenced by salt stress (Kirova 2020; Sairam and Tyagi 
2004). Under salt stress, undue uptake of sodium  (Na+) and 
chloride  (Cl−) ions causes ionic stress and cytotoxicity, ham-
pering plant growth and development (Munns and Tester 
2008; Shah et al. 2021). Persistent salt stress is character-
istically followed by oxidative stress induced by excessive 
reactive oxygen species (ROS) generation, eventually lead-
ing to plant death (Qin and Huang 2020; Hernández et al. 
2001; Isayenkov 2012). To cope with these stress conditions, 
plants employ various strategies and undergo developmen-
tal, morphological, physiological and biochemical changes 
to attain homeostasis (Taji et al. 2004; Acosta et al. 2015). 
Various genes have been identified and characterized, which 
are involved in the transport and translocation of ions across 
the plasma membrane (Inan et al. 2004; Zhang et al. 2008). 
Strategies and methods have been employed to enhance the 
defense capabilities of plants against salinity. For example, 
the exogenous application of melatonin, polyamines, silicon, 
and selenium have been shown to enhance plant capabili-
ties against salt stress (Jiang et al. 2016; Wei et al. 2015; 
Shu et al. 2015; Gengmao et al. 2015; Diao et al. 2014; 
Feng et al. 2013; Hawrylak-Nowak 2009). Selenium (Se) 
is a vital micronutrient beneficial for living systems (Tsuji 
and Hatfield 2022; Fakhrolmobasheri et al. 2021; Ferreira 
et al. 2021; Feng et al. 2013; Zhu et al. 2009). Exogenous 
applications of Se have improved growth and develop-
mental features of plants under salt stresses (Rasool et al. 
2022). Se plays a vital role in the activity of the enzyme glu-
tathione peroxidase (GPX) (Lobanov et al. 2008), improves 
osmolytes production (Hawrylak-Nowak 2009; Shah et al. 
2020), and activates the antioxidative detoxification systems 
(Iqbal et al. 2015; Hasanuzzaman and Fujita 2011). Se also 
improves photosynthesis and mitigates the negative impacts 
of salt on the photosystem II (PSII) (Rasool et al. 2020; Diao 
et al. 2014; Kong et al. 2005).

Due to the fact that salinized soils on the earth are increas-
ing at a rate of 10% each year, it is expected that by 2050, 
more than half of the world’s arable land will be salinized 
(Kumar and Sharma 2020). The goal of this study was to 
minimise the adverse effects of salt stress on plants for long-
term food security and sustainable agricultural development. 
In this context, rejuvenation of millets as a cereal crop is a 
viable alternative. Millets are a variety of small seeded C4 
grasses in the Poaceae family that are used as a food, fod-
der, and bioenergy crop. Millets are becoming increasingly 
popular in Asia and Africa’s semiarid tropics (McDonough 
et al. 2000). They are drought/pest/disease resistant, have 
fewer irrigational necessities, show enhanced growth/yield 
in low nutrient input conditions and have little dependence 
on synthetic manures (Devi et al. 2014; Kole et al. 2015). 
Proso millet stands out among the group because of its short 
life cycle (45 days), making it an ideal choice for sustainable 

agriculture. It may be easily utilised on marginal soils 
because of its low agricultural requirements (Amadou et al. 
2013). With these considerations in mind, we investigated 
the role of exogenous selenium in reducing the detrimental 
effects of salt stress in proso millet. We studied the effects of 
Se on several growth metrics and antioxidant enzyme activi-
ties. The main aim of the current study was to evaluate the 
regulation of three main sodium transporters (SOS1, NHX 
and HKT) in salt stressed proso millet under Se supplemen-
tation responsible for ion homeostasis.

Materials and methods

Experimental design

The proso millet (Panicum miliaceum L.) seeds were 
collected from the Gurez valley of Jammu and Kashmir, 
India and were identified at Centre for Biodiversity and 
Taxonomy, University of Kashmir. Seeds were surface 
disinfected with 70% (v/v) ethanol for 1 min and washed 
twice with double-distilled water  (ddH2O).  HgCl2 (Merck, 
India) was used for surface sterilization, and then seeds 
were washed three times with dd  H2O. Controlled environ-
mental conditions were maintained (temperature 26 ± 1 °C 
and 16-h photoperiod). The 30 seeds were sown in pots 
(diameter = 9.5 cm, height = 9 cm) containing 500 g of 
autoclaved sand. After germination pots were thinned to 
equal number of plants. The complete randomized design 
was followed, where each treatment had three replicates, 
i.e., three pots for each treatment. The treatment was ini-
tiated after the 14th day of germination, which include 
Sodium Chloride (150 mM NaCl) and selenium in form of 
sodium selenite  (Na2SeO3) (1 µM, 5 µM and 10 µM) dis-
solved in Hoagland’s nutrient medium (pH 6.5). The eight 
treatments include Control, 1 µM Se, 5 µM Se, 10 µM 
Se, 150 mM NaCl, 150 mM NaCl + 1 µM Se, 150 mM 
NaCl + 5 µM Se and150 mM NaCl + 10 µM Se with three 
replicates each. The treatment was given for 2 weeks with 
a gap of 3 days between treatments. The plants were har-
vested and stored at – 80 °C till further analysis.

Determination of biomass accumulation (BA), 
relative water content (RWC) and electrolyte 
leakage (EL)

Ten plants were dried at 70 °C in an incubator for 48 h for 
determination of biomass accumulation (BA). After achiev-
ing constant weight, the plants were weighed and expressed 
as g/seedling. The fresh weight (FW) of leaves was taken to 
determine RWC. The leaves were immersed in de-ionized 
water overnight, then briefly air-dried and weighed (SW). 
Then the leaves were oven-dried at 70 °C for 48 h, and dry 
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weights (DW) were measured using a reformed method of 
Barrs and Weatherley (Barrs and Weatherley 1962). Rela-
tive water content (RWC) was analysed using the formulae:

The electrolyte leakage (EL) was determined by the 
method of Tabot and Adams (Tabot and Adams 2013). It 
was measured as:

where EI: Electrolytes leaked from cells; ET: Total electro-
lyte pool.

Determination of thiobarbituric acid reactive 
species (TBARS)and in‑situ detection of hydrogen 
peroxide  (H2O2) content

The concentration of Malondialdehyde (MDA) was meas-
ured according to the method of Cakmak and Horst (1991), 
and  H2O2 content was determined by following the protocol 
of Monteiro et al. (2011). The MDA concentration was cal-
culated using the following equation:

where ε: The specific extinction coefficient (155 mM/cm); 
V: The volume of crushing medium; W: The fresh weight of 
leaf; A600: The absorbance at 600 nm wavelength; A532: 
The absorbance at 532 nm wavelength.

Determination of photosynthetic pigment content

Chlorophyll a, b, and carotenoid content were determined 
using the method of Lichtenthaler (1987). 100 mg of fresh 
leaves were taken from treated plants. These leaves were 
then finely grounded and extracted in 5 ml absolute etha-
nol (99%). Extracts were filtered, and the absorbance was 
recorded with a UV–vis spectrophotometer (UV-2450, Shi-
madzu Analytical, Japan) at 663 nm, 645 nm, and 480 nm. 
Anthocyanin was determined by the method given by Man-
cinelli (1990). The samples were extracted in 3 ml metha-
nol-HCl (1% HCl, v/v); the samples were then refrigerated 
at 4 °C for 2 days. Then the extracts were filtered. A UV 
visible spectrophotometer measured the total anthocyanin 
content as the difference between the absorbance at 530 and 
657 nm wavelength and placed in the A530–A657 formula 
to eliminate the chlorophyll content in the extract, defined 
quantitatively as OD 530  g−1 fresh weight.

RWC (%) =
FW − DW

SW − DW
× 100

EL (%) =
E1

ET
× 100,

MDA(nmol∕gFW) =

[
(

A532 − A600

)

× V × 1000

�

]

× W,

Anthocyanin content (units/g FW) =  A530 – 0.25*A657

Estimation of osmolytes and total soluble protein

The total soluble sugar (TSS) and free proline was estimated 
by following the method given by Dey (1990), and glycine 
betaine (GB) content was estimated by the method given by 
Grieve and Grattan (1983). The protein content was deter-
mined using the method of Bradford (1976) using bovine 
serum albumin (BSA) as a standard.

Evaluation of antioxidant enzyme activity

The superoxide dismutase (SOD) activity was estimated 
by the method devised by Beyer and Fridovich (1987) with 
slight modifications. Catalase (CAT) activity was deter-
mined by the method of Aebi (1984). Ascorbate peroxidase 
(APX) activity was measured according to the method of 
Nakano and Asada (1981). Guaiacol peroxidase (POD) 
activity was determined by the method of Whitaker and 
Bernhard (1972). Glutathione-s-transferase (GST) activ-
ity was determined according to the method of Habig and 
Jakoby (1981), and estimation of glutathione reductase (GR) 
was estimated using the method devised by Foyer and Hal-
liwell (1976).

Determination of selenium (Se), sodium (Na), 
chloride  (Cl−)and potassium (K) content

The leaf samples were extracted with 1 M  HNO3to deter-
mine the  K+ and  Na+ content as described by Storey (1995), 
and  Cl−contents were determined according to the method 
of Jiang et al. (2014). The total Se concentration was deter-
mined by the method given by Jiang et al. (2015) using 
inductively coupled plasma mass spectrometry (ICP–MS).

Chlorophyll a (mg∕g) ∶
[(

12.7 × A663

)

−
(

2.6 × A645

)]

×
mLacetone

mg leaf tissue

Chlorophyll b (mg∕g) ∶
[(

22.9 × A645

)

−
(

4.68 × A663

)]

×
mLacetone

mg leaf tissue

Total chlorophyll (mg∕g) ∶ Chlorophyll a + Chlorophyll b

Totalcarotenoids =

[
(

1000 × A
470

)

− (1.82Chla) − (85.02Chlb)

198

]
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Transcriptome analysis

Total RNA extraction

For the transcriptome sequencing analysis, the samples were 
ground into powder in a mortar using liquid nitrogen. Total 
RNA was extracted from samples using a Trizol reagent 
(Invitrogen). RNase-free DNase (Promega, Madison, Wis-
consin, USA) was added to the RNA samples to remove the 
genomic DNA contamination. The quality of the RNAs was 
evaluated using the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). DNA library construction 
and RNA-Seq high-throughput sequencing were commer-
cially performed by Biokart Pvt limited (Bangalore, India).

Data processing and gene annotation

Raw single reads in FASTQ format were subjected to 
sequence quality control using FastQC (http:// www. bioin 
forma tics. babra ham. ac. uk/ proje cts/ fastqc/). FastQC per-
formed a series of analysis modules on raw data and created 
a report with statistics for the data analysed. FastQC showed 
high per base sequence quality for each library, exceeding 30 
on the Phred scale (less than 1/1000 chance of a base being 
wrong) and detected adapter contamination, matching the 
reads to known adapter sequences. The program HISAT2 
(Kim et al. 2015) aligned sequencing reads to the reference 
genome using a minimum intron length of 60 and 2000. 
Cufflinks v2.0.2 (Trapnell et al. 2010) was used for de novo 
transcript identification and to get the read counts for each 
gene and find the genes expressions in all the samples.

cDNA synthesis, Primer designing and validation of genes

cDNA was synthesized from the RNAa using a revert-aid 
cDNA synthesis kit (Thermo Scientific), following the 
manufacturer’s protocol. Primers of the genes of interest 
(SOS1, SOS2, SOS3, NHX, HKT) were designed using the 
Primer3Plus software according to parameters established 
to get amplicons of 301 to 400 bp with a Tm of 55 °C to 
65 °C, length 20 to 22 bp and GC 40 to 65%. The primers 
were obtained from IDT (Bangalore, India) and are listed in 

Table 1. For PCR, a master mix of 25 μl including 13.5 μl of 
 H2O, 2.5 μl of 10 × Taq buffer, 2.5 μl DNTP, 3 μl of 25 mM 
 MgCl2, 0.3 μl Taq, 1.5 μl R-Primer and 1.5 μl F-Primer and 
2.5 μl cDNA template was used. The cycle parameters con-
sisted of one cycle of 1 min at 95 °C for denaturation and 
then 35 cycles of 5 s at 95 °C for denaturation followed by 
X °C (X = annealing temperature) for annealing and 1 min at 
70 °C for an extension. Lastly, 10 min of 70 °C for elonga-
tion and then hold at 4 °C for 5 min. The amplified products 
were gel electrophoresed and quantitated relative to their 
expression in the control sample.

Statistical analysis

All experiments were carried out in triplicates (n = 3) except 
for growth parameters like root and shoot length, BA, TI, 
and RWC, where n = 10. All data were subjected to two-way 
ANOVA using GraphPad Prism 8.4.3 software. Results were 
represented as the arithmetic mean ± standard error (SE). 
Tukey’s post hoc test was done to identify statistical differ-
ences between pairs of means at the 0.05 probability level.

Results

Influence of Se application on various 
morphological characters

Salinity-stressed plants exhibited chlorosis, necrosis, and 
leaf burning. It was found that the shoot length of the plants 
decreased significantly with salt treatments by 43.12% com-
pared to control. When Se followed salt treatment, there 
was a significant increase in shoot length. The increase was 
95.42% at 1 µM; however, at 5 µM and 10 µM, it decreased 
by 0.98% and 30.71% respectively, to salt-treated plants. 
The root length of the plants decreased with salt treat-
ments by 46.22% to control. When Se followed salt treat-
ment, there was a significant increase in root length. The 
increase was 19.45% at 1 µM, 1.62% at 5 µM; however, at 
10 µM, it decreased by 31.89%to salt-treated plants. The 
fresh weight of the plants decreased with salt treatments by 
50.22% to control. When Se followed salt treatment, there 

Table 1  Forward and reverse primers used for transcriptional analysis in the study of Salt Overly Sensitive (SOS) signalling pathway (SOS1, 
SOS2, SOS3) and high-affinity potassium transporters (HKT) and  Na+/H+ antiporters (NHX) transporters

Primers Forward primer Reverse Primer

pmsos1 GAC AAT GAG CAA GGA GCA CA CAT GTT TGA ACC CTC CGA CT
pmsos2 GTT GCT CCT GAG GTG CTA GG AGG ACC ACC ATC CTT GTG AG
pmsos3 TGC ACC TGC AGA ACA AAA AG CAG CCA TGT CTG CTT CAC TG
pmhkt GTC GAT TGC TAC CAC GGT CA CAC GTC CCG CTT GAA CAC TA
pmnhx CGT GAG GTT GCC CTT ATG AT CGG AAA AAC AAA AGC AGC TC

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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was an increase in fresh weight. The increase was 44.14% at 
1 µM; however, at 5 µM and 10 µM, it decreased by 14.41% 
and 76.57%, respectively, to salt-treated plants. Biomass 
accumulation of the plants decreased with salt treatments 
by 49.40% to control. When Se followed salt treatment, there 
was a significant increase in biomass accumulation. The 
increase was 46.78% at 1 µM; however, at5µM and 10 µM, it 
decreased by 2.14% and 24.27%, respectively, to salt-treated 
plants (Fig. 1).

Influence of Se on electrolyte leakage (EL), relative 
water content (RWC), thiobarbituric acid reactive 
species (TBARS) and hydrogen peroxide  (H2O2)

EL of the plants increased with salt treatments by 40.88% 
to control. When Se followed salt treatment, there was a 
significant decrease in EL. The reduction was 15.62% at 
1 µM, 4.46% at 5 µM; however, at 10 µM, it increased by 
7.5% to salt-treated plants. RWC of the plants decreased 
with salt treatments by 24.66% to control. When Se followed 
salt treatment, there was a significant increase in RWC. The 
increase was 16.40% at 1 µM, 1.32% at 5 µM; however, at 

10 µM, it increased by 8.15% to salt-treated plants. TBARS 
of the plants increased with salt treatments by 85.93% 
to control. When Se followed salt treatment, there was a 
significant decrease in TBARS. The drop was 32.68% at 
1 µM, 5.65% at 5 µM; however, at 10 µM, it increased by 
10.14%to salt-treated plants.  H2O2 of the plants increased 
with salt treatments by 38.52% to control. When Se fol-
lowed salt treatment, there was a significant decrease in 
 H2O2. The reduction was 20.68% at 1 µM,16.63% at 5 µM; 
however, at 10 µM, it increased by 19.35% to salt-treated 
plants (Table 2).

Influence of Se on photosynthetic pigments

Chlorophyll-a content of the plants decreased with salt 
treatments by 85.68% to control. When Se followed salt 
treatment, there was a significant increase in chlorophyll-a. 
The increase was 85.71% at 1 µM; however, at 5 µM and 
10 µM, it decreased by 4.76% and 61.90%, respectively, 
to salt-treated plants. Chlorophyll-b content of the plants 
decreased with salt treatments by 88.86% to control. When 
Se followed salt treatment, there was a significant increase 

Fig. 1  A Shoot length, B Fresh weight, C Root length, and D Bio-
mass accumulation of non-stressed and salt-stressed proso millet. 
The abbreviations 1 Se, 5 Se and 10 Se, indicate 1  μM  Na2SeO3, 
5 μM  Na2SeO3 and 10 μM  Na2SeO3, respectively and NaCl indicates 

150 mM NaCl. Data are presented as means ± SD (n = 10). Different 
letters on bars represent significant differences [a = ****, b = ***, 
c = **, d = * and ns = not significant (p < 0.05)]
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in chlorophyll-b. The increase was 74.31% at 1 µM, 31.19% 
at 5 µM; however, at 10 µM, it decreased by 16.51% to salt-
treated plants. The total chlorophyll of the plants decreased 
with salt treatments by 86.95% to control. When Se followed 
salt treatment, there was a significant increase in total chlo-
rophyll. The increase was 81.81% at 1 µM, 7.52% at 5 µM; 
however, at 10 µM, it decreased by 46.39% to salt-treated 
plants. Anthocyanin of the plants decreased with salt treat-
ments by 62.5% to control. When Se followed salt treat-
ment, there was a significant increase in anthocyanin. The 
increase was one-fold at 1 µM, 0.4-fold at 5 µM, and 0.1-
fold at 10 µM to salt-treated plants. Carotenoid of the plants 
decreased with salt treatments by 40.19% to control. When 
Se followed salt treatment, there was a significant increase 
in anthocyanin. The increase was 43.05% at 1 µM, 15.27% 
at 5 µM; however, at 10 µM, it decreased by 11.11% to salt-
treated plants (Table3).

Influence of Se on total soluble sugar (TSS), total 
soluble protein (TSP), proline, and glycine betaine

TSS of the plants increased with salt treatments by 82.83% 
to control. When Se followed salt treatment, there was a sig-
nificant increase in TSS. The increase was 22.31% at 1 µM; 
however, at 5 µM and 10 µM, it decreased by 4.32% and 
10.01%, respectively, to salt-treated plants. TSP of the plants 
increased with salt treatments by 1.2-fold to control. When 
Se followed salt treatment, there was a significant increase in 
TSP. The increase was 12.56% at 1 µM, 8.81% at 5 µM; how-
ever, at 10 µM, it decreased by 10.93% to salt-treated plants. 
Proline of the plants increased with salt treatments by 2.4-
fold to control. When Se followed salt treatment, there was 
a significant increase in proline. The increase was 37.98% at 
1 µM, 11.39% at 5 µM; however, at 10 µM, it decreased by 
41.16% to salt-treated plants. Glycine betaine of the plants 
increased with salt treatments by threefold to control. When 
Se followed salt treatment, there was a significant increase in 
glycine betaine. The increase was 17.33% at 1 µM, 44.67% 

at 5 µM; however, at 10 µM, it decreased by 16.12% to salt-
treated plants (Fig. 2).

Influence of Se on various antioxidant enzymes

SOD activity of the plants increased with salt treatments 
by 90.47% to control. When Se followed salt treatment, 
there was a further significant increase in SOD activity. The 
increase was 24.37% at 1 µM, 11.87% at 5 µM; however, at 
10 µM, it decreased by 18.75% to salt-treated plants. CAT 
activity of the plants increased with salt treatments by three-
fold to control. When Se followed salt treatment, there was 
a further significant increase in CAT activity. The increase 
was 28.59% at 1 µM, 11.42% at 5 µM; however, at 10 µM, 
it decreased by 36.86% to salt-treated plants. APX activ-
ity of the plants increased with salt treatments by 1.5-fold 
to control. When Se followed salt treatment, there was a 
further significant increase in APX activity. The increase 
was 18.99% at 1 µM, 20.99% at 5 µM; however, at 10 µM, it 
decreased by 37.08% to salt-treated plants.

GPX activity of the plants increased with salt treatments 
by 1.8-fold to control. When Se followed salt treatment, 
there was a further significant increase in GPX activity. 
The increase was 45.46% at 1 µM; however, at 5 µM and 
10 µM, it decreased by 12.73% and 32.32%, respectively, 
to salt-treated plants. GST activity of the plants increased 
with salt treatments by 1.5-fold to control. When Se fol-
lowed salt treatment, there was a further significant increase 
in GST activity. The increase was 24.5% at 1 µM, 8.5% at 
5 µM; however, at 10 µM, it decreased by 11.5% to salt-
treated plants. GR activity of the plants increased with salt 
treatments by 1.6-fold to control. When Se followed salt 
treatment, there was a further significant increase in GR 
activity. The increase was 11.37% at 1 µM, 0.51% at 5 µM; 
however, at 10 µM, it decreased by 32.51% to salt-treated 
plants (Fig. 3).

Table 2  Electrolyte leakage (EL), relative water content (RWC), thiobarbituric acid reactive species (TBARS) and hydrogen peroxide  (H2O2) 
content in leaves of salt treated, Se treated and salt with selenium treated proso millet

The abbreviations 1 Se, 5 Seand 10 Se, indicate 1 μM  Na2SeO3, 5 μM  Na2SeO3 and 10 μM  Na2SeO3, respectively and NaCl indicates 150 mM 
NaCl. Data are presented as means ± SD (n = 3; for RWC n = 10). Letters (a, b, c, d) and (A, B, C, D) represent significant differences with 
respect to control and corresponding treatments respectively [A/a = ****, B\b = ***, C\c = **, D/d = * and ns = not significant (p < 0.05)]

Treatments EL (%) RWC (%) Lipid peroxidation (nmol/ml 
TBARS FW)

H2O2 content µmol/g FW

Se 150 NaCl + Se Se 150 NaCl + Se Se 150 NaCl + Se Se 150 NaCl + Se

Control 53 ± 2 74.66 ± 2.1a,A 82.82 ± 7.1 62.39 ± 5.8a,A 12.94 ± 2.2 24.06 ± 0.9a,A 74.33 ± 4.3 102.96 ± 6.1a,A

1Se 47.66 ± 1.5ns 63 ±  2c,A 92.33 ± 4.2b 72.62 ± 2.5a,A 4.49 ± 1.3b 16.19 ± 2.8ns,A 77.98 ± 2.2ns 81.66 ± 3.7ns,NS

5Se 53 ± 2 ns 71.33 ± 1.5a,A 78.5 ± 2.3ns 63.22 ± 3.2a,A 11.70 ± 0.8ns 22.70 ± 1.1a,A 72.45 ± 3.1ns 85.83 ± 2.1d,C

10Se 0.43 ± 0.03ns 0.17 ± 0.02a,A 68.42 ± 3.4a 57.3 ± 3.4a,A 17.93 ± 1.2d 26.5 ± 0.5a,A 74.33 ± 3.5ns 122.89 ± 2.4a,A
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Influence of Se application in the accumulation 
of selenium, chloride, sodium, and potassium ions

The Se content in control and NaCl treated plants was 1.16 
and 1.1 μg/g/dry weight respectively. The exogenous Se 
treatment significantly increased the Se content in 1 µM 
to 16.3 μg/g/dry weight, in 5 µM to 41.3 μg/g/dry weight, 
and in 10 µM to 150.3 μg/g/dry weight. When applied with 
NaCl, it ranged at 15.4 μg/g/dry weight in 1 µM plus 150 
NaCl, in 5 µM plus 150 NaCl at 39.1 μg/g/dry weight, 
and in 10 µM plus 150 NaCl to 148.76 μg/g/dry weight. 
The exogenous Se supply influenced the Se content in the 
plants. A considerably higher Se content was observed in 
the plants that received Se compared to the control.  Na+ 
in the plants increased with salt treatments by tenfold to 
control. However, when Se followed salt treatment, there 
was a decrease in  Na+. The drop was 13.7% at 1 µM, 10.5% 
at 5 µM; however, at 10 µM, it increased by 6.33% to salt-
treated plants.  Cl− in the plants increased with salt treat-
ments by 7.6-fold to control. However, when Se followed 
salt treatment, there was a decrease in  Cl−. The decline was 
86.17% at 1 µM, 7.44% at 5 µM, and 4.25% at 10 µM to salt-
treated plants.  K+ decreased with salt treatments by 30.87% 
to control. However, when Se followed salt treatment, there 
was an increase in  K+. The increase was 23.4% at 1 µM, 
2.4% at 5 µM; however, at 10 µM, it decreased by 10.29% 
to salt-treated plants.  Na+/K+ ratio in the plants decreased 
with salt treatments by 93.90% to control. However, when 
Se followed salt treatment, there was an increase in the  Na+/
K+ ratio. The increase was 42.8% at 1 µM, 14.05% at 5 µM; 
however, at 10 µM, it decreased by 15.98% to salt-treated 
plants. (Table 4).

Transcriptomic analysis

In this study, we performed imperative transcriptomic analy-
sis between salt-treated and Salt plus Se treated Panicum 
miliaceum L. plants using high throughput Illumina hiseq 
platform. We identified genes involved in the salt overly sen-
sitive (SOS) signalling pathway to understand the molecular 
basis of salinity tolerance by selenium treatments using an 
RNA sequencing approach. Transcriptomic analysis showed 
a significant change in the expression of genes encoding the 
essential SOS signalling pathway and transporters like NHX 
and HKT (Fig. 4). The expression of SOS1 was significantly 
increased by salt and Se (1 µM). The expression of SOS1 
in salt (150 NaCl) and salt plus Se (150 NaCl + 1 µM Se) 
increased by 1.19 and 2.25 folds, respectively, compared to 
control. Also, an increase of 3.1-fold was observed in salt 
plus Se (150 NaCl + 1 µM Se) plants compared to salt (150 
NaCl) treated plants. Similar results were observed in the 
expression analysis of SOS2 and SOS3.The expression of 
SOS2 in salt (150 NaCl) and salt plus Se (150 NaCl + 1 µM Ta
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Se) increased by 4.2 and 3.68 folds, respectively, compared 
to control. Also, an increase of 6.1-fold was observed in 
salt plus Se (150 NaCl + 1 µM Se) plants compared to salt 
(150 NaCl) treated plants. The expression of SOS3 in salt 
(150 NaCl) and salt plus Se (150 NaCl + 1 µM Se) increased 
by 1.29 and 2.6 folds, respectively, compared to control. 
Also, an increase of 3.4-fold was observed in salt plus Se 
(150 NaCl + 1 µM Se) plants compared to salt (150 NaCl) 
treated plants. Moreover, the expression of HKT and NHX 
showed a similar trend. The expression of HKT in salt (150 
NaCl) and salt plus Se (150 NaCl + 1 µM Se) increased by 
2.3- and 2.9-fold, respectively, compared to control. Also, 
an increase of 3.1-fold was observed in salt plus Se (150 
NaCl + 1 µM Se) plants compared to salt (150 NaCl) treated 
plants and the expression of NHX in salt (150 NaCl) and salt 
plus Se (150 NaCl + 1 µM Se) increased by 3.21- and 7.98-
fold respectively compared to control. Also, an increase of 
2.8-fold was observed in salt plus Se (150 NaCl + 1 µM Se) 
plants compared to salt (150 NaCl) treated plants.

Influence of Se on PmSOS1, PmSOS2, PmSOS3, PmHKT 
and PmNHX expression

An alternative strategy to confirm the results obtained 
from transcriptomic analysis revealed similar gene expres-
sion profiling (Figs. 5 and 6). The mRNA profiles of the 
genes encoding SOS1, SOS2, SOS3, NHX, and HKT were 
significantly altered in proso millet leaves under both salt 
and salt with selenium treatments. SOS1 transcripts were 
more expressed in salt (150 mM) and salt plus Se [150 mM 
NaCl + Se (1 µM)] treated leaves. Also, SOS2 transcripts 
were more expressed in the salt plus Se [150 mM NaCl + Se 
(1 µM)] treated leaves followed by salt (150 mM) treated. 
Similarly, SOS3 transcripts were significantly expressed in 
Salt plus Se [150 mM NaCl + Se (1 µM)] treated leaves. 
Moreover, the transcripts of HKT and NHX were more 
expressed in salt plus Se [150 mM NaCl + Se (1 µM)], fol-
lowed by salt (150 mM).

Fig. 2  A Total soluble sugar, B Proline, C Total soluble protein, and 
D Glycine betaine of salt treated, Se treated and salt with Se treated 
proso millet. The abbreviations 1 Se, 5 Se and 10 Se, indicate 1 μM 
 Na2SeO3, 5 μM  Na2SeO3 and 10 μM  Na2SeO3, respectively and NaCl 

indicates 150 mM NaCl. Data are presented as means ± SDs (n = 3). 
Different letters on bars represent significant differences [a = ****, 
b = ***, c = **, d = * and ns = not significant (p < 0.05)]
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Discussion

Salt stress adversely affects plant growth, development and 
diminishes crop productivity (Tanveer et al. 2018; Munns 
and Tester 2008). In this study, our main aim was to evaluate 
the role of Se in alleviating salt stress by regulating sodium 
transporters and associated proteins like Salt Overly Sensi-
tive 1 (SOS1), Salt Overly Sensitive 2 (SOS2), Salt Overly 
Sensitive 3 (SOS3),  K+/H+ antiporter (NHX), and High-
affinity Potassium Transporters (HKT) in proso millet. We 
evaluated the role of exogenously applied Se (1 μM, 5 μM 
and 10 μM) in alleviating the negative impacts of salt stress 
in this particular species. We observed a concentration-
dependent effect of Se on the plant, where 1 μM Se proved 
to be more beneficial compared to 5 μM and 10 μM Se. The 
exogenous application of 1 μM Se mitigated the adverse 

effects of salt stress, thereby affirming its potential role in 
alleviating the salt stress in plants. We observed that Se 
improved fresh weight, dry weight, shoot and root length in 
salt stressed proso millet, thereby improving plant growth 
and development. Various investigations have demonstrated 
that Se improves plant salt tolerance in different plant spe-
cies like cucumber and tomato (Rasool et al. 2022). Se stim-
ulates plant development at low concentrations but is lethal 
to plant at higher levels, which is attributed to the exces-
sive accumulation of seleno-protein and disturbances in the 
homeostasis of both reactive oxygen and nitrogen species 
result in selenium-induced nitro-oxidative stress, contribut-
ing to toxicity (Kolbert et al. 2016). Salt stress also affects 
plant water relations, in current study, relative water content 
(RWC) decreases by NaCl application while 1 μM Se alle-
viates the deleterious effects of salt stress. This decrease in 

Fig. 3  A Superoxide Dismutase (SOD) activity, B Catalase (CAT) 
activity, C Ascorbate peroxidase (APX) activity D Glutathione 
reductase (GR) activity E Guaiacol peroxidase (POD) activity F Glu-
tathione-S- transferase (GST) activity of salt treated, Se treated and 
salt with Se treated proso millet. The abbreviations 1 Se, 5 Se and 

10 Se, indicate 1 μM  Na2SeO3, 5 μM  Na2SeO3 and 10 μM  Na2SeO3, 
respectively and NaCl indicates 150  mM NaCl. Data are presented 
as means ± SD (n = 3). Different letters on bars represent significant 
differences [a = ****, b = ***, c = **, d = * and ns = not significant 
(p < 0.05)]
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RWC is due to osmotic stress generated by salt stress. Sele-
nium is also been previously reported to enhance RWC in 
Zea mays, Trifolium repens, Phaseolus mungo, Beta vulgaris 
and Cucumis sativus L. under stress (Jóźwiak and Politycka 
2019; Nawaz et al. 2016; Wang 2011). Salinity also poses 
deleterious effects on photosynthetic capacity of plants by 
destroying the chloroplast (Munns and Tester 2008). Studies 
have documented a decrease of these photosynthetic pig-
ments under salt stress, due to chlorosis and disordering in 
chlorophyll synthesis in plants (Betzen et al. 2019). In cur-
rent study, salt stress declines chlorophyll, anthocyanin, and Ta
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Fig. 4  Heat map depicting fold change in each gene in the transcrip-
tomic data. 150 NaCl + 1 µM Se showed enhanced expression in all 
the genes under consideration

Fig. 5  Gel images depicting the differential gene expression in terms 
of band intensities of salt overly sensitive (SOS) signalling path-
way (SOS1,SOS2,SOS3), high-affinity potassium transporters [HKT] 
and  Na+/H+ antiporters [NHX] transporters in leaves of proso millet 
treated with salt [150 mM] and salt [150 mM + Se (1 µM)] (1) control 
(2) Se (1  µM) (3) Salt (150 NaCl) (4) salt with Se [150 NaCl + Se 
(1 µM)]
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carotenoid content, however, the low concentrations of Se 
(1 μM) enhanced the photosynthetic pigment content in salt 
stressed proso millet. It was observed in salt-treated maize 
plants that Se application restored the photosynthetic capac-
ity, chlorophyll content and the chloroplast ultrastructure in 
and high Se concentration (25 μM) had a deleterious effect 
on pigment content because high Se aggravated drastic dam-
age to the chloroplast ultrastructure and photosynthetic sys-
tem (Jiang et al. 2017).

Salt stress also increased ROS production, which leads to 
oxidative stress (Babitha et al. 2015). Excess ROS produc-
tion incites lipid peroxidation, protein, and DNA damage, 
leading to signal transduction inhibition and reduction in 
overall growth and cell death (Mittler 2002). Previous stud-
ies have contemplated that exogenous Se can enhance the 
antioxidant activity and, therefore, increase the plant toler-
ance to different types of environmental stresses (Diao et al. 
2014; Hasanuzzaman et al. 2011). The antioxidant activity 
of plants in stress and the non-stressed condition is crucial 
for plants. The balance of these antioxidant enzymes in sign-
aling and scavenging ROS is integral in converting the 
superoxide radical  (O2

−) and hydrogen peroxide  (H2O2) into 
forms that are not harmful to plants and protect the plant 
from various environmental stress, including salt stress. The 
elevated levels of  H2O2 may lead to cell shrinkage, protein 
degradation, DNA fragmentation and apoptosis (Zhang et al. 
2021). An assortment of antioxidants (enzymatic and non-
enzymatic) plays a potential role in the sequestration of 
 H2O2 (Gill and Tuteja 2010). Here, we reported a substan-
tially lower concentration of  H2O2 in the plants treated with 
1 µM Se. The lower levels of  H2O2 were probably due to the 
increased levels of various antioxidative enzymes like APX 
and CAT. These results were in concurrence with some past 
reports, where Se pre-treated rapeseed, canola and black 

gram had lesser levels of  H2O2 under salinity stress. (Hasa-
nuzzaman and Fujita 2011; Hashem et al. 2013; Jawad Has-
san et al., 2020). These ROS leads to electrolyte leakage due 
to lipid peroxidation. Electrolyte leakage (EL) is an indis-
pensable index of cell membrane permeability. In this study, 
it was observed that salinity disrupted membranes and 
increases EL and 1 µM Se significantly reduced the EL in 
salt-treated plants. Se (1 μM) application minimized the 
harm by increasing the production of antioxidants, which in 
turn help in scavenging ROS and thus decrease lipid peroxi-
dation. The decrease in peroxidation was also observed in 
sorghum, tomato seedlings by Se application (Djanaguira-
man et al. 2010; Diao et al. 2014). These outcomes support 
that Se plays an essential role in protecting cell membrane 
structure and cell integrity under salt stress. Plants also accu-
mulate various osmoprotectants like sugars, proline, glycine 
betaine under salt stress (Chelli-Chaabouni et al. 2010). 
Total soluble sugar (TSS) is an essential compound directly 
related to various critical physiological processes (Karimi 
et al. 2019; Kerepesi and Galiba 2000). Proso millet, when 
exposed to salt stress, showed an augmentation in its TSS 
content and 1 µM Se further increased it. The accumulation 
of soluble sugars in the cytosol may aid in water conserva-
tion and absorption from intercellular gaps, allowing salt-
stressed tissues to function normally. To counteract salt 
stress, this procedure is known as osmoregulation and helps 
to protect the plants from cellular damage by maintaining 
membrane integrity of the cells. Soluble sugars acts as a 
counteractive way to maintain homeostasis within plant 
cells. Similar outcomes were observed in rice and wheat 
under Se treatment (Subramanyam et al. 2019; Das et al. 
2018; Nawaz et al. 2015). Glycine betaine (GB) is another 
compound that helps in stress tolerance in plants. In the cur-
rent study, GB increased in salt as well as in 1 µM Se treated 
proso millet. GB, regarded as the finest osmotic regulator is 
engaged not only in cell osmotic homeostasis but also in 
macromolecule stability. GB helped in safeguarding protein 
quaternary structure, subsequently kept the enzymes in an 
active form. It protects the main enzymes and terminal oxi-
dases of the TCA (tricarboxylic acid) cycle, for example, and 
stabilises the light system’s peripheral peptides (Li et al. 
2020). Comparable results were found in salt stressed wheat 
cultivars and heat stressed cucumber plants (Rao et al. 2013; 
Hawrylak-Nowak et al. 2018). Proline, an amino acid, has 
been found to be an osmotically active organic solute in the 
root area. In this study, the proline content increased in salt-
stressed plants, application of 1 µM Se further increased the 
proline content however 10 µM Se decreased it. Proline is 
associated with membranes and proteins protection against 
the damaging effects of increased ion concentrations. It was 
reported that proline increased salt tolerance in Pancratium 
maritimum by up-regulating stress-protective proteins and 
shielding the protein turnover machinery from stress induced 

Fig. 6  Relative expression profiles of the genes salt overly sensitive 1 
(SOS1), salt overly sensitive 2 (SOS2), salt overly sensitive 3 (SOS3), 
 Na+/H+ antiporters (NHX), and high-affinity potassium transporters 
(HKT) under salt and selenium treatments. Expression profiles were 
estimated on the basis of intensities of bands using NIH Image J soft-
ware. Error bars indicate ± SD (n = 3) with respect to the control
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damage. Salt stress signals cause A’-pyrroline-5-carboxylate 
synthetase (P5CS; a crucial enzyme in proline biosynthesis) 
to lose its feedback inhibition, resulting in proline build-up. 
By coordinating osmotic changes and safeguarding stressed 
plant’s subcellular structures, proline plays a vital role in 
acclimatisation to salt stress (Xie et al. 2020). Selenium 
applications is also reported to regulate transcript levels of 
genes P5CS2 and PDH in fragrant rice (Luo et al. 2021). In 
present study, there was also an increase in protein content 
in salt stressed plants, which was further increased by 1 μM 
Se. Protein accumulations is important for cell survival 
under salt stress and causes membranes stabilization under 
salt stress. Plants make new proteins that help them to grow 
and develop under saline condition. Higher protein concen-
tration is due to higher efficiency of osmotic regulation 
mechanism in plants which in turn decreases sodium toxicity 
in cytoplasm. The Se application increased protein content 
in rice and ryegrass (Wang et al. 2012; Hartikainen and Xue 
1999). In the antioxidant defense system, key antioxidant 
enzymes are crucial for enhancing stress tolerance as well 
as in minimizing the stress-induced oxidative damages, by 
detoxification of the ROS. SOD is the central defense 
enzyme of plants against ROS by catalyzing superoxide radi-
cals into  H2O2 and molecular oxygen (Van Raamsdonk and 
Hekimi 2012). In the present study, salt treatment enhanced 
the SOD activity. The addition of exogenous 1 µM Se further 
increased the SOD activity; however, at 10  µM Se, it 
decreased. Our results agree with the study on tomato, mul-
berry, and chickpea, where SOD activity increased under 
salt stress (Gapińska et al. 2008; Harinasut et al. 2003; 
Kukreja et al. 2005). These observations agree with the find-
ings in sorrel, maize, rapeseed, and tomato were, Se 
improved SOD activity under salt stress (Diao et al. 2014; 
Hasanuzzaman et al. 2011; Jiang et al. 2017; Kong et al. 
2005). Catalases (CAT) are produced in peroxisomes by oxi-
dases involved in β-oxidation of fatty acids, photorespira-
tion, and purine catabolism. In the current study, a signifi-
cant CAT activity was observed under salinity stress, as was 
observed in cucumber, soybean, mustard, and tobacco 
(Ahmad et al. 2012b; Bueno et al. 1998; Comba et al. 1997; 
Lechno et al. 1997). The Se (1 µM) supplementation further 
increased the CAT activity; however, at 10  µM Se, it 
decreased. Comparable results were observed in Se-treated 
wheat under cold stress, rapeseed under drought stress, and 
maize under salt stress (Chu et al. 2010; Hasanuzzaman et al. 
2011; Jiang et al. 2017). SOD and CAT are basically metal-
loproteins which catalyzes the dismutation of ROS and plays 
a central role in the antioxidative metabolic network and 
selenium acts as co-factor and thereby might stimulate the 
activity of these enzymes. APX is another important ROS 
scavenging enzymes and is crucial in maintaining ascorbic 
acid homeostasis (Diaz-Vivancos et al., 2013; Hernández 
et al. 2001). In our study, APX activity increased by salt 

stress and the application of 1 µM Se further enhanced it. 
The APX assumes a vital role in catalyzing  H2O2 into  H2O, 
utilizing ascorbate as an electron donor in the ascorbate–glu-
tathione cycle(Chen et al., 2012; Correa-Aragunde et al., 
2013). APX is involvedin direct ROS scavenging in chloro-
plast, as CAT is absent in chloroplast. Similarly, GR is also 
considered asmajor ROS detoxifier and maintain redox 
homeostasis.GR assumes a pivotal role in the protection of 
plants from different types of stresses. We observed that 
under salt stress, GR activity increases in proso millet, which 
were further enhanced by the application of 1 µM Se. The 
similar results were obtained in peas, lentil and clover 
(Ahmad et al. 2012a; Bandeoğlu et al. 2004). It has been 
observed that Se treatment maintains a high GSH/GSSG 
proportion which is useful for other GSH dependent antioxi-
dant enzymes and thus enhanced salt resilience of plants 
(Hasanuzzaman et  al. 2017). Glutathione-S-transferase 
(GSTs) is yet another enzyme with high antioxidant capacity, 
which plays a vital role in plant response to biotic and abi-
otic stresses (Djanaguiraman et al. 2005). GST activity 
increased upon salt treatment and 1 µM Se further enhanced 
its activity. GSTs quench reactive molecules and catalyze the 
conjugation of GSH to an array of hydrophobic and electro-
philic substrates, thus, protecting the cell from oxidative 
burst. Studies suggest that GSTs safeguard the cells toxicity 
and provide tolerance by catalyzing S-conjugation between 
the thiol group of GSH and electrophilic moiety in the 
hydrophobic and toxic substrate (Kumar and Trivedi 2018). 
In this study we can anticipate GSTs might catalyze the Se-
conjugation and infer tolerance against ROS and ions. Simi-
lar results were obtained in salt-stressed barley and arsenic-
stressed mungbean, where Se application increased GST 
activity (Halušková et al. 2009; Mittler et al. 2004). Guaiacol 
peroxidase (GPOX/POD) aids in defense against abiotic 
stresses by  H2O2 detoxification. In our study, salt-treated 
plants increased POD activity, and 1 µM Se further enhanced 
its activity. Similar results were found in salt-stressed mung-
bean and rice (Panda 2001; Yamane et al. 2009). A compa-
rable effect of Se on GPOX activity was reported in the cold 
stressed wheat and potato (Seppänen et al. 2003; Chu et al. 
2010). Another deleterious effect of salinity is ionic stress. 
Ion homeostasis plays a vital role under salt stress;  K+ ion 
status determines the tolerance of plants toward salinity 
(Assaha et al. 2017). In this study, an apparent decrease in 
 K+ and increased  Na+ was observed in plants, which dis-
turbed the  K+/Na+ ratio, when exposed to salinity stress. 
However, the application of Se reversed the ionic imbalance 
caused by salinity stress and improved the  K+/Na+ ratio.

The improved  K+/Na+ ratio under Se can be attributed 
to its effect on the respective ion channels. Thus, we can 
assume the selenium regulate the ion channels in order to 
maintain the  K+/Na+ ratio and protect the plant from ion 
toxicity. Similar results were obtained in rice, garlic, and 
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dill, where Se improved the ratio of  K+/Na+ under salin-
ity stress (Subramanyam et al. 2019; Astaneh et al. 2018; 
Shekari et al. 2017; Jiang et al. 2017). The net  Na+ efflux 
capacity under salt stress can determine the extent of salt 
tolerance. In contrast, the net uptake of  Na+ depends on 
the loading and unloading of  Na+ into the xylem and its 
recirculation in the phloem (Wu 2018). Non-selective cation 
channels (NSCCs) and high-affinity potassium transporter 
(HKT) are the primary transporters through which  Na+ 
moves into cells (Ward et al. 2003). Also, SOS1  (Na+/H+ 
antiporter salt overly sensitive1) can squeeze out excessive 
 Na+ into the apoplast through the plasma membrane and also 
loads  Na+ into the xylem (Wang et al. 2019). The expres-
sion of genes PMSOS1, PMSOS2, PMSOS3, PMHKT, and 
PMNHX, was examined to investigate the Se mediated toler-
ance in proso millet plants. The expression of all the genes 
under consideration was significantly higher in Se-treated 
plants under NaCl stress. The SOS pathway mediates  Na+ 
exclusion, restricts  K+ efflux, maintains ion homeostasis and 
maintains the selectivity of the plasma membrane, thereby 
confers salt tolerance (Ji et al. 2013; Yang et al. 2015). Upon 
NaCl exposure, the elevated NaCl concentrations are sensed 
by SOS3 (through  Ca2+), which activates SOS2 and stimu-
lates the membrane-localized  Na+/H+ antiporter SOS1 (Ji 
et al. 2013). SOS1 controls the long-distance transport of 
 Na+ and extrudes  Na+ from the roots (Olías et al. 2009; 
Shi et al. 2002). In this study, the expression of PMSOS1, 
PMSOS2, and PMSOS3, was elevated by salt treatments. 
Also, the Se application further enhanced the application 
of these genes, which corroborated the study in Populus 
euphratica, in which PeSOS1expression was upregulated 
fivefold to tenfold by applying 200 mM NaCl for 24 h rela-
tive to the untreated control leaves (Wu et al. 2007). Simi-
larly, PabSOS1 expression was about five times higher after 
12 h of NaCl treatment (Tang et al. 2010). Furthermore, 
we observed the upregulation of Pmhkt and Pmnhx under 
salinity and Se treatment. Various studies have reported 
that under Se application, genes like MAPK5 (mitogen-
activated protein kinase 5), CPK11 (calcium-dependent pro-
tein kinase11), MAPK7(mitogen-activated protein kinase7), 
and NHX1 (Sodium/hydrogen exchanger1) were upregulated 
(Jiang et al. 2017; Shi et al. 2010; Subramanyam et al. 2019).

The application of low levels of Se (1 μM) alleviated the 
inhibitory effect of high salinity via different mechanisms. 
Low levels of Se activated the antioxidant defence system to 
alleviate ROS damage and ameliorated ion homeostasis in 
proso millet under salt stress by upregulating SOS1, SOS2, 
SOS3, NHX and HKT genes. Thus, this study provides evi-
dence that low Se application can enhance plant salt tol-
erance, and our results increase the understanding of the 
precise role of Se in the response of plants to salinity.

Conclusion

Proso millet adapts to salt stress by maintaining suitable 
 Na+/K+ ratios, accumulating osmolytes, activating antioxi-
dative enzymes, and activating stress response signalling 
networks to relegate the toxic effects of high salinity. Our 
study provides a piece of extensive evidence that Se in low 
concentration enhances the tolerance of proso millet towards 
salinity. Our study adds to the understanding of the role of 
Se in salt tolerance, however complete understanding of the 
role of Se as well as detailed protective mechanisms would 
be helpful for developing salinity tolerance in plants. The 
Se transformations in the plants is still unclear. Therefore, 
future studies are required to explore the exact mechanisms 
involved in Se transformations. There is still a need to better 
understand its ameliorative roles in different plant species 
under various environmental factors for the confirmation of 
the Se-mediated amelioration of salt stress.
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