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Abstract
Agriculture sustains the livelihoods of over 2.5 billion people worldwide. The growing nature of disasters, the systemic nature 
of risk, a more recent pandemic along with abiotic stress factors are endangering our entire food system. In these stressful 
environment, it is widely reprimanded that strategies should be encompassed to attain increased crop yield and economic 
returns which would alleviate food and nutritional scarcity in developing countries. To study the physiological responses to 
salt stress, Vigna radiata seedlings subjected to varying levels of salt stress (0, 25, 50, 100 and 200 mM NaCl) were evalu-
ated by tracking changes in Chl a fluorescence, pigment content, free proline and carotenoids content by HPLC. The ability 
of plants to adapt to salt stress is related with the plasticity and resilience of photosynthesis. As salt concentration increased, 
chlorophyll fluorescence indices decreased and a reduction in the PSII linear electron transport rate was observed. Chloro-
phyll fluorescence parameters can be used for in vitro non-invasive monitoring of plants responses to salt stress. Overall, 
Vigna responded to salt stress by the changes in avoidance mechanism and protective systems. Chl fluorescence indices, 
enzymatic contents of POD, CAT and free proline were sensitive to salt stress. The study is significant to evaluate the toler-
ance mechanisms of plants to salt stress and may develop insights for breeding new salt-tolerant varieties.
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Introduction

COVID-19 pandemic has disrupted agriculture in many 
ways, already challenged by climate change and abiotic 
stress factors which were further compounded by lockdown 
situations. Salinity and drought are major abiotic constraints 
which need to be combated to ensure global productivity of 
crops and promote sustainable agriculture (Ma et al. 2020). 
Metabolic limitations of photosynthesis under (Munns 
et al. 2006) salt stress results in reduction of photosynthetic 
enzymes activity, membrane disruption (Meloni et al. 2003), 

ion toxicity (Ali et al. 2022), osmotic stress (Ali et al. 2019), 
nutrient deficiencies, physiological and biochemical pertur-
bations and even mortality. Analysis of performance of Chl a 
fluorescence parameter will compliment growth, water rela-
tions and mineral uptake mechanisms in plants subjected to 
stress (Netondo et al. 2004).

Pigmentation reflects plant photosynthetic light- harvesting 
capacity (Elfeky et al. 2007) and modification in the compo-
sition of leaf pigments could confer salt stress tolerance. A 
common response to salinity stress is enhancement of sugars 
and other compatible solutes (Sharma et al. 2019). Proline 
(amino acid) is a compatible solute which mainly accumu-
lates as an osmostress protectants (Chun et al. 2018). It also 
protects photosynthetic apparatus, exhibits protein-stabilizing 
properties (Kavi Kishor et al. 2015), regulate cellular osmotic 
adjustment and scavenges reactive oxygen species (Ashraf and 
Foolad 2007) under salt stress.

About 60% of Rajasthan state (34°35′N to 30°10′N 
latitude and 69°31′E to 76°55′E longitude) falls within of 
Indian Desert characterized by hot arid conditions (DST 
1994). Productivity of legumes are low due to abiotic con-
straints such as drought and salinity, poor cultural practices 
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and unavailability of improved varieties to farmers. Vigna 
radiata (L.) Wilczek, is an nutritious food legume and cash 
crop cultivated across the globe, native to India, comple-
ments cereals as affordable protein pulse crop and is sig-
nificant for nutritional security and sustainable agriculture 
(Lambrides and Godwin 2007). Selection of salt tolerant 
varieties could help in improving productivity and stabilize 
crop production in stressful environment. The main objective 
of the study was to understand the response mechanisms of 
Vigna to salt stress which will pave way for production of 
new salt-tolerant varieties and may also help expansion of 
agriculture in saline areas. We hypothesize that investigat-
ing plant responses like alterations in the morphological and 
physiological traits under salt stress may lead to decipher-
ing mechanisms to plant tolerance. As a result of intensi-
fication of soil salinization, studying effects on the physi-
ological mechanism, evaluation of in-field photosynthetic 
performance of plants and identifying salt-tolerant varieties 
could help in combating stress. Thus, the information gen-
erated through this research, will be pivotal for agricultural 
research in arid and semi-arid areas in alike climate and 
eventually may evolve stratagems for the cultivation of crops 
in such stress conditions.

Materials and methods

Plant materials and growth conditions

Seeds of Vigna radiata ‘var. K-851’ were procured from 
Krishi Vighyan Kendra (KVK), Banasthali University, 
Rajasthan, India and were surface sterilized with 0.1% 
HgCl2, which were then washed repeatedly with sterile 
water. Thereafter, seeds were germinated on moistened filter 
paper, placed in petri dishes in dark at 28˚C, for 3 days and 
seedlings with well developed roots were transfered to pots 
which were subjected to salt stress treatment. The experi-
ments were performed in plant growth chamber, Depart-
ment of Bioscience and Biotechnolgy, Banasthali University, 
India.

Salt treatment

The petriplate germinated plantlets of Vigna radiata were 
transferred into pots supplemented with Hoagland’s nutrient 
solution (Hoagland and Arnon 1950) and salt treatment was 
applied to 15 day plants. Analytical grade NaCl were added 
to pots to provide final concentrations of 0 (control), 25, 
50, 100 and 200 mM. Plantlets were grown in plant growth 
chamber (day/night photoperiod of 14/10 h, day/night tem-
perature 25 ± 2˚C /17 ± 2˚C, relative air humidity 65–70%).

Chl a fluorescence

Chl a fluorescence parameters were measured with a porta-
ble Chl fluorescence device (Mini-PAM, Heinz Walz, Effel-
trich, Germany) as per the method of Kumari et al. (2005) 
after 1, 3, 5,7, 9 and 11 days of salt treatment. The light 
was provided by the internal halogen lamp of Mini-PAM 
and leaf temperatures were recorded simultaneously with a  
Ni/NiCr- thermocouple fitted with the Walz leaf clip holder. 
Leaves were darkened for 30 min and then subjected to 
actinic light intensity over 4 min in eight steps with increas-
ing levels of light, each 30s apart (Rascher et al. 2000). 
Light-response curves of ΔF/Fm′ and ETR were obtained 
were calculated according to Genty et al. (1989).

Proline estimation

The total proline content was measured by acid ninhydrin 
reaction according to the method of Bates et al. (1973).

Determination of photosynthetic pigments

Photosynthetic pigments (Chl a, Chl b and total Chl) were 
calculated using Arnon (1949) method.

Determination of antioxidant enzyme activities

Catalase (CAT, EC 1.11.1.6) activity was measured by mon-
itoring the rate of decrease in the absorbance at 240 nm for 
2 min (Luck 1970). POD (EC 1.11.1.9) activity was deter-
mined by following the decrease in absorbance of guaiacol 
at 436 nm (Putter 1974).

Estimation of carotenoids (β‑carotene and L + Z) 
via HPLC

Carotenoid concentrations viz. β-carotene, Lutein and Zeax-
anthin (L + Z) were determined by HPLC. The method fol-
lowed was a modified version of Rivas et al. (1989) and 
Pocock et al. (2004).

Statistical analysis

All data were subjected to analysis of variance (ANOVA), 
analyzed with SPSS 22.0 statistical software (SPSS Inc., 
Chicago, IL). The results were presented as mean values 
of three replicates with lower case letters a (p ≤ 0.001), b 
(p ≤ 0.01) and c (p ≤ 0.05) which were considered as statisti-
cally significant.
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Results and discussion

Effect of salt stress on Chl fluorescence

Changes in fluorescence parameters as measured by Mini-
PAM for plants under the control and salt treatments are 
depicted in Table 1. It may be noted that experiments were not 
continued after 11th day as the leaves wilted due to excessive 
desiccation imposed by salt stress as corroborated by negligi-
ble ETR and yield measurements in the stressed plants.

Chl a fluorescence seems to be useful indicator of effects 
of salt stress on photosynthetic efficiency at high NaCl con-
centrations (Shin et al. 2020) and can be implemented in 
elucidation of optimum salt stress ranges for crops grown 
under controlled environmental conditions. A significant 
reduction in rate of electron transport (60%) was measured 
at 200mM concentration in salt stressed plants (Day 3rd ) 
as compared to control. Similarly, at 100 mM a significant 
reduction (64%) in rate of electron transport was measured 
with values reaching upto 22.3 ± 2.46 µmol m− 2s− 1 on 5th 
day of stress. At 50mM NaCl, a significant decline of about 
1.88 folds (7th day of stress) and at 25 mM, values reaching 
upto 20.7 ± 3.20 µmol m− 2s− 1 were observed. At lower NaCl 
concentrations (25 mM), quantum yield of PSII, ΔF/Fm’ was 
comparable to control plants. A significant decline of about 

65% occurred in ΔF/Fm’ for plants irrigated with 200mM 
NaCl (3rd day), suggestive for the aggravation of the PSII 
reaction center at higher stress levels (El-Shintinawy 2000). 
Physiological responses of plants are increased respiration 
rate, disrupted mineral supplies, ion toxicity, modifica-
tions in growth, diminished photosynthetic rates (Kao et al. 
2003), reduced leaf area and decline in Chl fluorescence 
parameters.

Effect of salt stress on photosynthetic pigments

We measured Chl a, Chl b, total Chl and Chl a:b ratio in 
experimental leaves and results are depicted in Table 2. 
Salt stress resulted in significant decline in the total pig-
ment content as compared to that of the unstressed plants. 
Salt stress at higher concentration (200 mM) caused 
decline of Chl a by 1.38 folds and Chl b declined by 
about 22%. Total Chl significantly decreased by 32.32% 
(100mM conc.). At lower conc. of salt (50mM), a reduc-
tion of 17.40% in total Chl was recorded. Total Chl values 
reached up to 2.55 ± 0.11 mg/g FW (25mM conc.). The 
Chl a/b ratio increased as salt stress progressed with high-
est values being observed on last day of stress. Our data 
exhibited that salt stress caused a significant decline in of 
Chl a, Chl b and total Chl content in response to salt stress.

Table 1   Cardinal points of the 
regression lines of saturating 
photosynthetic photon flux 
density (PPFDsat) and half 
saturating PPFDsat, effective 
quantum yield of PSII at 
saturating PPFD(ΔF/Fm’sat) 
and at half saturating PPFD (½ 
ΔF/Fm’) and maximum electron 
transport rate (ETRmax) for var. 
K-851 of Vigna radiata exposed 
to different conc. of salt for 11 
days. The values are expressed 
as mean ± SD (n=3)

a significant at p ≤ 0.001, bsignificant at p ≤ 0.01,csignificant at p ≤ 0.05

Days NaCl 
conc. 
(mM)

ETRmax
(µmol m-2s-1)

PPFDsat
(µmol m-2s-1)

½ PPFDsat
(µmol m-2s-1)

ΔF/Fm’sat ½ΔF/Fm’sat

1 0 63.1±10.98 614 ± 25.51 152 ± 36.09 0.26 ± 0.07 0.48 ± 0.05
25 64.7 ± 4.65 603 ± 9.17 124 ± 7.02 0.28 ± 0.02 0.58 ± 0.01
50 63.0 ± 4.47 637 ± 27.06 125 ± 10.60 0.24 ± 0.02 0.57 ± 0.01

100 47.3 ± 3.06bc 628 ± 28.57 110 ± 19.55c 0.18 ± 0.01bc 0.51 ± 0.09
200 35.6 ± 2.11abc 631 ± 10.97 94 ± 12.51abc 0.12 ± 0.01abc 0.44 ± 0.09

3 0 60.8 ± 12.90 601 ± 11.93 133 ± 35.09 0.26±0.07 0.52 ± 0.05
25 65.6 ± 6.07 620 ± 21.00 130 ± 18.15 0.27 ± 0.01 0.56 ± 0.01
50 55.3 ± 3.40 621 ± 37.51 118 ± 6.43 0.22 ± 0.01 0.53 ± 0.05

100 40.3 ± 5.57abc 594 ± 27.02 106 ± 24.01 0.16 ± 0.03bc 0.46 ± 0.11
200 24.5 ± 2.33abc 560 ± 4.51c 90 ± 17.62bc 0.09 ± 0.00abc 0.33 ± 0.10abc

5 0 62.4 ± 10.31 601 ± 11.79 140 ± 27.73 0.27 ± 0.06 0.50 ± 0.06
25 56.8 ± 5.23 577 ± 12.42 116 ± 6.56 0.26 ± 0.04 0.55 ± 0.02
50 46.8 ± 6.64bc 575 ±17.67 109 ± 24.56 0.20 ± 0.05c 0.50 ± 0.09

100 22.3 ± 2.46abc 568 ± 14.84 91 ± 14.84bc 0.09 ± 0.01abc 0.29 ± 0.04abc

7 0 63.9 ± 5.75 623 ± 37.47 123 ± 8.00 0.26 ± 0.04 0.58 ± 0.02
25 44.0 ± 5.22abc 461 ± 36.72abc 99 ± 4.04 0.24 ± 0.03 0.51 ± 0.07
50 33.9 ± 4.99abc 435 ± 30.09abc 90 ± 17.58c 0.19 ± 0.05c 0.45 ± 0.09c

9 0 65.6 ± 6.07 620 ± 21.00 130 ± 18.15 0.27 ± 0.01 0.56 ± 0.01
25 36.2 ± 4.54abc 413 ± 36.29abc 95 ± 13.23c 0.22 ± 0.05 0.47 ± 0.11

11 0 65.5 ± 6.01 601 ± 11.93 137 ± 30.17 0.28 ± 0.04 0.54 ± 0.06
25 20.7 ± 3.20abc 327 ± 15.59abc 78 ± 5.29abc 0.15 ± 0.02abc 0.31 ± 0.02abc
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Higher accumulation of Na+ ions leads to ionic toxicity 
which in turn induces cell dehydration and membrane dys-
function. Similar results were observed by Benavides et al. 
(2000) where  reduction in the photosynthetic assimilation 
rate was related to decline of Chl content and 23% decline 
in Chl content was observed in salt-sensitive potato clones 
compared to tolerant ones. Salt stress can lead to inhibition 
of photosynthetic enzymes activity and the disruption of 
membrane structures (Meloni et al. 2003).

Chl b stabilizes light-harvesting antenna proteins and 
is synthesized from Chl a by chlorophyllide a oxygenase 
(Tanaka and Tanaka 2005). When amount of Chl b sur-
passes the needed amount, excess Chl b molecules induce 
chlorophyllide a oxygenase protein degradation (Yamasato 
et al. 2005) resulting in suppression of Chl b biosynthesis. 
This is further corroborated by the observation that the 
first step in the degradation of Chl b involves its conver-
sion to Chl a (Schumacher et al. 2021).

Effect of salt stresses on carotenoids content

Carotenoids are a type of terpenoids and essential pigments 
in photosynthesis, synthesized in the plastids of plants’ 
photosynthetic apparatus (Swapnil et al. 2021). β-carotene 
in photosynthetic tissue has a major protective role by 
direct quenching of triplet Chl, resulting in photoprotective 

capacity and mediates a cyclic electron transfer around PSII 
(Dogra and Kim 2020). Both zeaxanthin and β-carotene 
(Batra et al. 2014) can act as energy acceptors, quench-
ing excited Chl molecules. The S1 excited energy state of 
lutein is believed to be very similar to the Qy excited state 
of Chl a and b. β-carotene amounts were reduced, at all 
concentrations of salt (Table 3). At 100 mM, a decline of 

Table 2   Pigment content in var. 
K-851 of Vigna radiata exposed 
to salt stress. The values are 
expressed as mean ± SD (n=3)

a significant at p ≤ 0.001, bsignificant at p ≤ 0.01,csignificant at p ≤ 0.05

Days Salt conc. 
(mM)

Chl a
(mg /g FW)

Chl b
(mg /g FW)

Total Chl
(mg /g FW)

Chl a/b

1 0 3.06 ± 0.04 0.99 ± 0.02 4.05 ± 0.06 3.10 ± 0.03
25 3.08 ± 0.04 0.99 ± 0.01 4.07 ± 0.05 3.12 ± 0.01
50 2.59 ± 0.03abc 0.83 ± 0.06abc 3.42 ± 0.09abc 3.13 ± 0.17

100 2.55 ± 0.12abc 0.81 ± 0.05abc 3.36 ± 0.17abc 3.14 ± 0.08
200 2.46 ± 0.04abc 0.78 ± 0.03abc 3.24 ± 0.07abc 3.15 ± 0.06

3 0 3.17 ± 0.05 1.02 ± 0.01 4.19 ± 0.04 3.11 ± 0.09
25 2.84 ± 0.06abc 0.91 ± 0.03abc 3.74 ± 0.08abc 3.13 ± 0.04
50 2.57 ± 0.02abc 0.82 ± 0.01abc 3.39 ± 0.02abc 3.15 ± 0.06

100 2.42 ± 0.05abc 0.77 ± 0.05abc 3.19 ± 0.09abc 3.16 ± 0.15
200 2.29 ± 0.08abc 0.71 ± 0.02abc 3.00 ± 0.10abc 3.24 ± 0.00c

5 0 3.10 ± 0.06 0.99 ± 0.01 4.09 ± 0.06 3.13 ± 0.08
25 2.75 ± 0.06abc 0.87 ± 0.02abc 3.62 ± 0.08abc 3.14 ± 0.02
50 2.47 ± 0.05abc 0.78 ± 0.00abc 3.25 ± 0.05abc 3.16 ± 0.07

100 2.22 ± 0.02abc 0.67 ± 0.01abc 2.89 ± 0.02abc 3.31 ± 0.02bc

7 0 3.04 ± 0.03 0.98 ± 0.02 4.02 ± 0.05 3.11 ± 0.06
25 2.57 ± 0.01abc 0.81 ± 0.00abc 3.39 ± 0.01abc 3.16 ± 0.01
50 2.16 ± 0.07abc 0.64 ± 0.02abc 2.80 ± 0.08abc 3.38 ± 0.10abc

9 0 3.03 ± 0.04 0.96 ± 0.04 3.99 ± 0.08 3.16 ± 0.09
25 2.30 ± 0.06abc 0.72 ± 0.02abc 3.02 ± 0.08abc 3.18 ± 0.03

11 0 2.93 ± 0.07 0.93 ± 0.02 3.86 ± 0.08 3.15 ± 0.02
25 1.98 ± 0.09abc 0.57 ± 0.03abc 2.55± 0.11abc 3.45 ± 0.03abc

Table 3   Relative concentrations of β-carotene and L+Z obtained 
through HPLC in fifteen days old plants of Vigna radiata exposed to 
different days of salt stress

Salt conc. (mM) Days β-C (µg/g) L+Z (µg/g)

0 0 63.04 188.22
25 3 62.73 181.12

5 54.36 172.19
7 35.93 123.24

11 27.29 126.97
50 3 50.88 233.57

5 27.12 146.16
7 24.22 121.38

100 3 31.54 144.46
5 26.06 118.44

200 3 26.05 135.89
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about 59% was observed. Similar trends were observed for 
lutein + zeaxanthin contents.

Photoinhibitory effects transpires when the rate of trans-
fer of excitons to the PSII reaction centre surpasses the rate 
of electron removal from the reaction centre by the pri-
mary electron acceptor Qa which leads to accumulation of 
P680+ which has adequate positive potential to oxidize and 
destroy Chl 670 of the LHC and β-carotene. This results in 
significant decline in the photosynthetic capacity. Both Chl 
a and β-C are bound in the core complex of PSII (Bujal-
don et al. 2017), the reaction center which is vulnerable to 
photoinactivation.

Effect of salt stress on antioxidant enzymes

Salt stress induced ionic toxicity and osmotic stress, trig-
gers accumulation of reactive oxygen species and free 
radicals inducing oxidative damage (Hasanuzzaman et al. 
2020) alter membrane phospholipids and disrupt normal 
metabolism. Salt stress tolerance mechanisms also depend 
on the increments of enzymatic and nonenzymatic anti-
oxidant activity. Enzymatic antioxidants which includes 
catalase (CAT) and peroxidase (POD) constitute the 
major ROS scavenging systems, quenching oxyintermedi-
ates, free radicals and hydrogen peroxide thus, protecting 
plants from potential cytotoxic effects. The cellular CAT 
levels in stressed Vigna radiata leaves were increased as 
compared with control plants, with a 2.33, 2.08 and 1.73 
folds’ increase at 200 mM, 100 mM and 50mM, respec-
tively (Table 4). Similarly, the POD activity enhanced 
with higher salinity levels (Table 5). The increased lev-
els of CAT and POD measured exhibits that antioxidant 
mechanisms are presumed to limit cellular damage and to 
increase the resistance to environmental stresses (Khan 
et al., 2020). The CAT, as compared to POD, with low 
affinity towards H2O2 but a high processing rate, may act 
as major enzymatic H2O2 scavenger as CAT enzymatic 
reaction is not saturated even when the cellular H2O2 
level become several folds higher under salt-stress and 
its activity is independent of other cellular reductants 
(Hasanuzzaman et al. 2020). This is indicative of the fact 

that maintenance of CAT activity could play significant 
role in imparting stress tolerance in plants. This could 
be interrelated specifically for C3 plants like rice, where 
the peroxisomal photorespiratory activity which lead to 
higher accumulation of H2O2 is elevated under salt-stress 
(Ghannoum 2009). The results of this experiment suggest 
that antioxidant enzymes activity as POD and CAT could 
play a pivotal role in salt tolerance mechanisms and could 
be further exploited in breeding stress tolerant varieties.

Effect of salt stress on free proline content

The increase in proline content was more at higher salt 
conc. (200 mM and 100 mM). At 100 mM, 11 folds’ 
increase was observed as compared to control (5th day). 
Similarly, at 50 mM NaCl (day 7), proline content was 
significantly increased (14.82 ± 0.07 µg g− 1FW). The 
level of proline was increased by 7% as compared to 
the control (25 mM NaCl). We observed a positive cor-
relation between proline levels and salt stress in Vigna 
(Fig. 1). The increased rate of proline biosynthesis in 
the chloroplasts contribute to the stabilization of cellular 
homeostasis by dissipating the excess of reducing poten-
tial when electron transport is reduced during stress con-
ditions (Szabados and Savoure 2010).

Conclusion

The differential expression patterns observed in response 
to salt stress open insights to plant plasticity in response to 
the multitude of abiotic stressors faced by plants. Gener-
ally, the control plants of Vigna radiata exhibited higher 
yield as compared to salt stressed plants. Under stress con-
ditions, decrease in the PSII activity as corroborated by 
reduction in electron transport which enhances the internal 
concentration of CO2 leads to decrease in the carboxyla-
tion efficiency. The proline content and enzymatic antioxi-
dants were significantly enhanced in stressed plants over 
control plants. The amassed knowledge on physiological 

Table 4   Changes in catalase 
activity in Vigna radiata 
exposed to salt stress over a 
period of 11 days. The values 
are expressed as mean ± SD 
(n=3)

Days Catalase (μ mol H2O2 decomposed min−1 g−1 F.W)

0 mM 25 mM 50 mM 100 mM 200 mM 

1 4.63 ± 0.05 5.95±1.24 6.13 ± 0.55 7.89 ± 1.60 9.76 ± 1.07
3 5.04 ± 1.16 6.33 ± 1.45 7.95 ± 0.25 9.31 ± 2.60 11.77 ± 1.19
5 5.53 ± 0.03 7.00 ± 1.00 8.80 ± 0.31 11.55 ± 0.55
7 5.95 ± 0.14 7.36 ± 2.21 10.34 ± 0.68
9 6.16 ± 0.21 8.29 ± 1.24
11 6.23 ± 0.14 8.36 ± 2.68
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and cellular mechanisms underlying plant responses to salt 
stress, will permit further progress in crop management 
and breeding.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

Ali A, Maggio A, Bressan RA, Yun DJ (2019) Role and functional 
differences of HKT1-type transporters in plants under salt 
stress. Int J Mol Sci 20:1059. https://​doi.​org/​10.​3390/​ijms2​
00510​59

Ali B, Wang X, Saleem MH, Sumaira, Hafeez A, Afridi MS, Khan 
S, Zaib-Un-Nisa, Ullah I, Alatawi A, Ali S (2022) PGPR-Medi-
ated Salt Tolerance in Maize by Modulating Plant Physiology, 
Antioxidant Defense, Compatible Solutes Accumulation and 

Bio-Surfactant Producing Genes. Plants 11(3):345. https://​doi.​
org/​10.​3390/​plant​s1103​0345

Arnon DI (1949) Copper enzymes in isolated chloroplasts. Polyphe-
noloxidase in Beta vulgaris. Plant Physiol 24:1–15. https://​doi.​
org/​10.​1104/​pp.​24.1.1

Ashraf M, Foolad MR (2007) Role of glycine betaine and proline in 
improving plant abiotic stress resistance. Environ Exp Bot 59:206–
216. https://​doi.​org/​10.​1016/j.​envex​pbot.​2005.​12.​006

Bates LS, Wadern RP, Teare ID (1973) Rapid estimation of free proline 
for water stress determination. Plant Soil 39:205–207. https://​doi.​
org/​10.​1007/​bf000​18060

Batra NG, Sharma V, Kumari N (2014) Drought-induced changes in 
chlorophyll fluorescence, photosynthetic pigments and thylakoid 
membrane proteins of Vigna radiata. J Plant Interact 9(1):712–721. 
https://​doi.​org/​10.​1080/​17429​145.​2014.​905801

Benavides MP, Marconi PL, Gallego SM, Comba ME, Tomaro ML 
(2000) Relationship between antioxidant defence systems and salt 
tolerance in Solanum tuberosum. Aust J Plant Physiol 27:273278. 
https://​doi.​org/​10.​1071/​pp991​38

Bujaldon S, Kodama N, Rappaport F, Subramanyam R, de Vitry C, Taka-
hashi Y et al (2017) Functional Accumulation of Antenna Proteins 
in Chlorophyll b -Less mutants of Chlamydomonas reinhardtii. Mol 
Plant 10(1):115–130. https://​doi.​org/​10.​1016/j.​molp.​2016.​10.​001

Table 5   Changes in peroxidase 
content in in Vigna radiata 
exposed to salt stress over a 
period of 11 days. The values 
are expressed as mean ± SD 
(n=3)

Days Peroxidase (U mg−1 protein)

0 mM 25 mM 50 mM 100 mM 200 mM 

1 14.21 ± 0.13 15.00 ± 1.01 20.56 ± 0.11 22.54 ± 0.77 23.15 ± 0.27
3 15.03 ± 0.13 20.56 ± 0.19 23.15 ± 0.13 23.61 ± 0.49 29.89 ± 0.23
1 12.75 ± 0.79 14.17 ± 1.20 16.43 ± 0.73 16.19 ± 1.29 18.06 ± 0.36
3 14.54 ± 0.78 17.26 ± 0.76 17.59 ± 1.39 18.15 ± 1.16 26.11 ± 0.74
5 14.76 ± 0.02 19.21 ± 0.55 21.05 ± 1.22 25.6 ± 1.15
7 15.07 ± 0.66 21.22 ± 0.56 23.03 ± 1.36
9 15.85 ± 0.45 28.16 ± 1.22
11 15.95 ± 0.03 29.33 ± 0.67

Fig. 1   Changes in proline con-
tent in Vigna radiata exposed 
to salt stress over a period of 
11 days

Control 
Stress 25 mM 
Stress 50 mM 
Stress 100 mM
Stress 200 mM

Days
0 2 4 6 8 10 12

0

5

10

15

20

25

g 
pr

ol
in

e 
g

-1
FW

https://doi.org/10.3390/ijms20051059
https://doi.org/10.3390/ijms20051059
https://doi.org/10.3390/plants11030345
https://doi.org/10.3390/plants11030345
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1007/bf00018060
https://doi.org/10.1007/bf00018060
https://doi.org/10.1080/17429145.2014.905801
https://doi.org/10.1071/pp99138
https://doi.org/10.1016/j.molp.2016.10.001


Vegetos	

1 3

Chun SC, Paramasivan M, Chandrasekaran M (2018) Proline Accu-
mulation Influenced by osmotic stress in Arbuscular mycorrhizal 
symbiotic plants. Front Microbiol 9:2525. https://​doi.​org/​10.​3389/​
fmicb.​2018.​02525

De las Rivas J, Abadía A, Abadía J (1989) A New Reversed Phase-HPLC 
method resolving all Major Higher Plant Photosynthetic Pigments. 
Plant physiology [Internet], vol 91. Oxford University Press (OUP), 
pp 190–192. 1 https://​doi.​org/​10.​1104/​pp.​91.1.​190

Dogra V, Kim C (2020) Singlet Oxygen Metabolism: from Genesis to 
Signaling. Front Plant Sci. 10https://​doi.​org/​10.​3389/​fpls.​2019.​
01640

DST (1994) Resource Atlas of Rajasthan. Department of Science and 
Technology, Government of Rajasthan, Jaipur, India

Elfeky SS, Osman MEH, Hamada SM, Hasan AM (2007) Effect of 
salinity and drought on growth criteria and biochemical analysis of 
Catharanthus roseus shoot. Int J Bot 3:202–207. https://​doi.​org/​10.​
3923/​ijb.​2007.​202.​207

El-Shintinawy F (2000) Photosynthesis in two wheat cultivars differing 
in salt susceptibility. Photosynthetica 38:615–620. https://​doi.​org/​
10.​1023/a:​10124​21826​212

Genty B, Briantais JM, Baker NR (1989) The relationship between the 
quantum yield of photosynthetic electron transport and quenching of 
chlorophyll fluorescence. Biochim Biophys Acta 990:87–92. https://​
doi.​org/​10.​1016/​s0304-​4165(89)​80016-9

Ghannoum O (2009) C4 photosynthesis and water stress. Ann Bot 
103:635–644. https://​doi.​org/​10.​1093/​aob/​mcn093

Hasanuzzaman M, Bhuyan MHMB, Zulfiqar F, Raza A, Mohsin SM, 
Mahmud JA, Fujita M, Fotopoulos V (2020) Reactive oxygen spe-
cies and antioxidant defense in plants under Abiotic stress: revisit-
ing the crucial role of a Universal Defense Regulator. Antioxidants 
9(8):681. https://​doi.​org/​10.​3390/​antio​x9080​681

Hoagland DR, Arnon DI (1950) The water-culture method for growing 
plants without soil. Circ. 347, Univ. of Calif., Agric. Exp. Station, 
Berkley

Kao WY, Tsai TT, Shih CN (2003) Photosynthetic gas exchange and 
chlorophyll a fluorescence of three wild soybean species in response 
to NaCl treatments. Photosynthetica 41:415–419. https://​doi.​org/​10.​
1023/b:​phot.​00000​15466.​22288.​23

Kavi Kishor PB, Kumari PH, Sunita MSL, Sreenivasulu N (2015) Role 
of proline in cell wall synthesis and plant development and its impli-
cations in plant ontogeny. Front Plant Sci 6:544. https://​doi.​org/​10.​
3389/​fpls.​2015.​00544

Kumari N, Sharma V, Mikosch M, Unfried C, Gessler A, Fischer-Schliebs 
E, Luettge U (2005) Seasonal photosynthetic performance and nutri-
ent relations of Buteamonosperma TAUB. In comparison to two 
other woody species of a seasonal deciduous forest in S.E- Rajasthan 
and to planted trees in the area. Ind Jour Fores 26(2):116–126. 
https://​doi.​org/​10.​1007/​s11120-​012-​9770-5

Lambrides J, Godwin ID (2007) Mungbean. In: Pulses, Sugar and 
Tuber Crops. Genome Mapping and Molecular Breeding in Plants. 
Kole, C. (Ed.), Springer-Verlag, Berlin, Heidelberg, Vol.&nbsp;3, 
pp.&nbsp;69–90 https://​doi.​org/​10.​1007/​978-3-​540-​34516-9_4

Ma Y, Dias MC, Freitas H (2020) Drought and Salinity stress responses 
and Microbe-Induced Tolerance in plants. Front Plant Sci 11:591–
911. https://​doi.​org/​10.​3389/​fpls.​2020.​591911

Meloni DA, Oliva MA, Martinez CA, Cambraia J (2003) Photosynthesis 
and activity of superoxide dismutase, peroxidase and glutathione 
reductase in cotton under salt stress. Environ Exp Bot 49:69–76. 
https://​doi.​org/​10.​1016/​s0098-​8472(02)​00058-8

Munns R, James RA, Lauchli A (2006) Approaches to increasing the salt 
tolerance of wheat and other cereals. J Exp Bot 57(5):1025–1043. 
https://​doi.​org/​10.​1093/​jxb/​erj100

Netondo GW, Onyango JC, Beck E (2004) Sorghum and salinity: I. 
Response of growth, water relations and ion accumulation to NaCl 
salinity. Crop Sci 44:797–805. https://​doi.​org/​10.​2135/​crops​ci2004.​
7970

Pocock T, Krol M, Huner NPA (2004) The determination and quantifica-
tion of photosynthetic pigments by reverse phase high-performance 
liquid chromatography, thin-layer chromatography and spectropho-
tometry. In: Carpentier R (ed) Methods in Molecular Biology: Pho-
tosynthesis Research Protocols. Humana Press, Totowa, New Jersey, 
pp 137–148. https://​doi.​org/​10.​1385/1-​59259-​799-8:​137

Rascher U, Liebig M, Luettge U (2000) Evaluation of instant light-
response curves of chlorophyll fluorescence parameters obtained 
with a portable chlorophyll fluorometer on site in the field. Plant 
Cell Environ 23:1397–1405. https://​doi.​org/​10.​1046/j.​1365-​3040.​
2000.​00650.x

Schumacher D, Menghini S, Ovinnikov M, Hauenstein N, Fankhauser 
C, Zipfel S, Hörtensteiner, Aubry S (2021) Evolution of chlorophyll 
degradation is associated with plant transition to land. Available 
from: https://​doi.​org/​10.​1101/​2021.​10.​07.​463469

Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, Zheng B 
(2019) Response of phenylpropanoid pathway and the role of poly-
phenols in plants under abiotic stress. Molecules 24:2452. https://​
doi.​org/​10.​3390/​molec​ules2​41324​52

Shin YK, Bhandari SR, Jo JS, Song JW, Cho MC, Yang EY, Lee JG 
(2020) Response to salt stress in lettuce: changes in chlorophyll 
fluorescence parameters, phytochemical contents, and antioxidant 
activities. Agronomy 10(11):1627. https://​doi.​org/​10.​3390/​agron​
omy10​111627

Swapnil P, Meena M, Singh SK, Dhuldhaj UP, Harish, Marwal A (2021) 
Vital roles of carotenoids in plants and humans to deteriorate stress 
with its structure, biosynthesis, metabolic engineering and func-
tional aspects. Curr Plant Biology 26:100203. https://​doi.​org/​10.​
1016/j.​cpb.​2021.​100203

Szabados L, Savoure A (2010) Proline: a multifunctional amino acid. 
Trends Plant Sci 15:89–97. https://​doi.​org/​10.​1016/j.​tplan​ts.​2009.​
11.​009

Tanaka R, Tanaka A (2005) Effects of chlorophyllide oxygenase overex-
pression on light acclimation in Arabidopsis thaliana. Photosynth 
Res 85:327–340. https://​doi.​org/​10.​1007/​s11120-​005-​6807-z

Yamasato A, Nagata N, Tanaka R, Tanaka A (2005) The N-terminal 
domain of chlorophyllideaoxygenase confers protein instability in 
response to chlorophyll b accumulation in Arabidopsis. Plant Cell 
17:1585–1597. https://​doi.​org/​10.​1007/​s11120-​005-​6807-z

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

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

https://doi.org/10.3389/fmicb.2018.02525
https://doi.org/10.3389/fmicb.2018.02525
https://doi.org/10.1104/pp.91.1.190
https://doi.org/10.3389/fpls.2019.01640
https://doi.org/10.3389/fpls.2019.01640
https://doi.org/10.3923/ijb.2007.202.207
https://doi.org/10.3923/ijb.2007.202.207
https://doi.org/10.1023/a:1012421826212
https://doi.org/10.1023/a:1012421826212
https://doi.org/10.1016/s0304-4165(89)80016-9
https://doi.org/10.1016/s0304-4165(89)80016-9
https://doi.org/10.1093/aob/mcn093
https://doi.org/10.3390/antiox9080681
https://doi.org/10.1023/b:phot.0000015466.22288.23
https://doi.org/10.1023/b:phot.0000015466.22288.23
https://doi.org/10.3389/fpls.2015.00544
https://doi.org/10.3389/fpls.2015.00544
https://doi.org/10.1007/s11120-012-9770-5
https://doi.org/10.1007/978-3-540-34516-9_4
https://doi.org/10.3389/fpls.2020.591911
https://doi.org/10.1016/s0098-8472(02)00058-8
https://doi.org/10.1093/jxb/erj100
https://doi.org/10.2135/cropsci2004.7970
https://doi.org/10.2135/cropsci2004.7970
https://doi.org/10.1385/1-59259-799-8:137
https://doi.org/10.1046/j.1365-3040.2000.00650.x
https://doi.org/10.1046/j.1365-3040.2000.00650.x
https://doi.org/10.1101/2021.10.07.463469
https://doi.org/10.3390/molecules24132452
https://doi.org/10.3390/molecules24132452
https://doi.org/10.3390/agronomy10111627
https://doi.org/10.3390/agronomy10111627
https://doi.org/10.1016/j.cpb.2021.100203
https://doi.org/10.1016/j.cpb.2021.100203
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1007/s11120-005-6807-z
https://doi.org/10.1007/s11120-005-6807-z

	Salt stress in plants and amelioration strategies: alleviation of agriculture and livelihood risks after the Covid-19 pandemic
	Abstract
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Salt treatment
	Chl a fluorescence
	Proline estimation
	Determination of photosynthetic pigments
	Determination of antioxidant enzyme activities
	Estimation of carotenoids (β-carotene and L + Z) via HPLC
	Statistical analysis

	Results and discussion
	Effect of salt stress on Chl fluorescence
	Effect of salt stress on photosynthetic pigments
	Effect of salt stresses on carotenoids content
	Effect of salt stress on antioxidant enzymes
	Effect of salt stress on free proline content

	Conclusion
	References


