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Abstract
The study was performed to analyze the impact of seed pretreatment by static magnetic field (SMF) of 200 mT for 1 h on 
photosynthetic performance of soybean (Glycine max) seedlings under ambient (aUV-B) and supplemental ultraviolet-B 
(a+sUV-B) stress. Ambient and supplemental UV-B were found to decrease the plant growth, chlorophyll concentration, PSII 
efficiency, selected JIP-test parameters such as Fv/Fm, φEo, ΔV(I–P),  PIABS,  PItotal, and rate of photosynthesis in the leaves 
of soybean seedlings emerged from untreated (UT) seeds. aUV-B and a+sUV-B were observed to increase the synthesis of 
UV-B-absorbing substances (UAS), reactive oxygen species (ROS) like superoxide radical  (O2

·−) and hydrogen peroxide 
 (H2O2), antioxidants like ascorbic acid and α-tocopherol and decrease the nitrate reductase (NR) activity; subsequently, it 
results in a decreased rate of photosynthesis, biomass accumulation, and yield. However, our results provided evidence that 
SMF pretreatment increased the tolerance of soybean seedlings to UV-B radiation by increased NO content and NR activ-
ity; higher efficiency of PSII, higher values of φEo, ΔV(I–P),  PIABS, and  PItotal, decreased intercellular  CO2 concentration, 
lower  amount of UAS, ROS, and antioxidants that consequently improve the yield of soybean plants under aUV-B as well 
as a+sUV-B stress. Thus, our results suggested that SMF pretreatment mitigates the adverse effects of UV-B stress by the 
enhancement in photosynthetic performance along with higher NO content which may be able to protect the plants from the 
deleterious effects of oxidative stress caused by UV-B irradiation.
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Abbreviations
ASA  Ascorbic acid
Chl  Chlorophyll

Fv/Fm  The maximum quantum yield (efficiency) of 
PS II photochemistry

FW  Fresh weight
NO  Nitric oxide
NR  Nitrate reductase
φEo  Quantum yield of electron transport
PIABS  Performance index (potential) for energy con-

servation from photons absorbed by PSII to the 
reduction of intersystem electron acceptors

PItotal  Performance index (potential) for energy 
conservation from the photons absorbed by 
PSII to the reduction of photosystem I electron 
end-acceptors

ROS  Reactive oxygen species
aUV-B  Ambient UV-B
a+sUV-B  Supplemental or enhanced ultraviolet-B
UAS  UV-B absorbing substances
ΔV (I–P)  Relative amplitude of the I–P phase of Chla 

fluorescence
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Introduction

Plants growing in natural environments are exposed to dif-
ferent environmental signals that regulate responses at the 
plant level. Of those environmental signals, sunlight is 
of utmost importance as a source of energy for plants. In 
sunlight, wavelengths in the UV region are divided into 
UV-A (315–400 nm), UV-B (280–315 nm), and UV-C 
(100–280 nm) radiations (Björn 2015). However, wave-
lengths below 290 nm are absorbed by the ozone layer 
and atmospheric oxygen, therefore are not detectable at 
the Earth’s surface (Rowland 2006). As a consequence of 
human activities worldwide, the chemical composition 
of the atmosphere is changing. A reduction in the strato-
spheric ozone layer is dangerous for most of the Earth’s 
population as it leads to a higher level of UV-B radiation 
on Earth’s surface (Bais et al. 2019; Bornman et al. 2019). 
Due to the high sustainability of chloro-fluorocarbons (an 
industrial gas), the ozone layer is under the threat, and 
even if all the nations execute the Montreal Protocol, 
it is not possible to reduce the UV-B level reaching on 
the Earth surface to its pre-industrialization era by 2050 
(Mohammed and Tarpley 2010). Though in the solar spec-
trum UV-B radiations consist of only a small part, it’s high 
energy can degrade vital molecules like lipids, proteins, 
nucleic acids, and phytohormones (Jansen et al. 1998; 
Singh et al. 2012; Kataria et al. 2014a, b; Vanhaelewyn 
et al. 2016). The enhanced UV-B radiation drastically 
hampered the physiological, morphological, and biochemi-
cal development of numerous plant species (Kakani et al. 
2003a, b; Caldwell et al. 2007; Kataria et al. 2014a, b) 
and eventually decrease the crop yield (Liu et al. 2013; 
Kataria et al. 2014a, b). The morphological alterations by 
UV-B, such as decrease in plant height, leaf area and leaf 
length, thicker leaves, reduced internode length, curling 
of cotyledons/leaves, bronzing/glazing of leaves, chlorosis 
and necrotic spots in leaves, delayed seedling emergence 
and flowering have been reported in numerous crop plants 
(Caldwell et al. 1995, 2007; Robson et al. 2015; Suchar 
and Robberecht 2015).

One of the most sensitive physiological processes in 
plants affected by UV-B exposure is photosynthesis which 
is closely related to biomass accumulation and crop yield. 
A reduction in plant growth parameters due to UV-B expo-
sure was observed in several plant species (Kakani et al. 
2003a, b; Kataria et al. 2013) which eventually reduced 
the crop productivity (Searles et al. 2001; Zuk-Golasze-
wska et al. 2003). UV-B radiations caused a reduction in 
photosynthetic activity due to the damage to carotenoids 
and chlorophyll, destruction of PSII proteins, decreased 
activity of Rubisco and sedoheptulose 1,7-biphosphatase 
(Allen et al. 1998; Kataria et al. 2013), and damage to 

PSII efficiency (Nogues and Baker 1995; Allen et al. 1998; 
Yu et al. 2013). In the last few decades, chlorophyll fluo-
rescence observation has established itself as a reliable 
technique for the detection of photosynthetic processes 
(Kalaji et al. 2014, 2018). The ‘JIP’ test is a chlorophyll-a 
fluorescence-based method used to evaluate the status of 
photosynthetic apparatus under different abiotic stresses 
(Rastogi et al. 2019a, b, 2020; Akhter et al. 2021).

Due to their survival nature, plants evolved with time 
to reduce UV-induced damages. Some of the protection 
mechanisms include higher production and accumulation 
of phenolic compounds which shield different organelles, 
whereas DNA photolyase protects damages to DNA (Jen-
kins 2009). Exposure to UV leads to the generation of 
reactive oxygen species (ROS) like superoxide anion radi-
cal  (O2

·−), hydrogen peroxide  (H2O2), and hydroxyl radical 
 (HO−) (Rastogi and Pospisil 2013). Plants have developed 
several enzymatic and non-enzymatic mechanisms for the 
purpose to protect themselves from different ROS mole-
cules (Jain et al. 2004; Hasanuzzaman et al. 2012; Rastogi 
et al. 2014). The non-enzymatic molecules include ascor-
bic acid (AsA), glutathione, α-tocopherol, and carotenoids 
(Munné-Bosch and Alegre 2002; Jain et al. 2004), whereas 
enzymatic scavenger include Halliwell/Asada pathway 
enzymes, superoxide dismutase, and catalase (Jain et al. 
2004). A number of studies have suggested the participa-
tion of nitric oxide (NO) in response to UV-B radiation 
(An et al. 2005; Zhang et al. 2011).

Considering the increasing influence of UV-B radia-
tion, it is required to look into different techniques for the 
purpose to improve crop yield efficiently. Among different 
available techniques, seed priming is one of the most com-
monly used processes for enhancing different stress toler-
ance (Sytar et al. 2019; Prajapati et al. 2020; Shah et al. 
2020). The SMF priming is one of the techniques which is 
less explored for its interaction with UV-B radiation. Some 
of the earlier studies have indicated that SMF pretreatment 
alleviates the response of different abiotic stress factors on 
number of plant speciecs (Anand et al. 2012; Thomas et al. 
2013; Kataria et al. 2017, 2019, 2020; Baghel et al. 2018).

The impact of ambient and enhanced UV-B radiation 
on soybean yield has been previously studied by several 
researchers (Liu et al. 2013; Baroniya et al. 2011, 2014). 
Some of the studies have indicated that the pretreatment of 
seeds by SMF enhances productivity under ambient UV-B 
stress conditions (Kataria et al. 2017, 2020). However, the 
mitigation of the adverse effects of enhanced or supple-
mental UV-B radiation on growth, the efficiency of PSII, 
JIP-test parameters, photosynthesis, and yield of soybean 
through magnetopriming have not been investigated yet. 
Therefore, the present study aims to evaluate the impact 
of SMF pretreatment on photosynthetic performance and 
yield of soybean under enhanced UV-B stress.
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Materials and methods

Soybean (Glycine max (L.) variety JS-335) seeds were 
obtained from the ICAR-Indian Institute of Soybean 
Research in Indore, India. The experiments were conducted 
in October to January’2018 under ambient conditions at the 
University campus (latitude 22°43′N) in Indore, India.

Magnetic field generation and magnetic treatment

The magnetic field was generated by a fabricated electro-
magnetic field generator (“AETec” Academy of Embed-
ded Technology, Delhi, India) as described in Kataria et al. 
(2020). The SMF of 200 mT was generated and provided 
to soybean seeds for an hour in a sample holder (transpar-
ent plastic) of capacity 42  cm3 (2.7 L × 2.6 B × 7.3 H) at 
25 ± 5 °C. The untreated (UT) seeds were kept far away 
from the influence of the electromagnetic field generator. 
The local geomagnetic field was observed to be < 10 mT.

Supplementary UV‑B treatments

The SMF-treated (MT) and untreated (UT) seeds were sown 
in nursery bags of 34 × 34 cm, filled with a 5 kg mixture 
of homogeneous black soil, sand, and farm-yard manure 
(2:2:1 by volume). Before sowing, the recommended fun-
gicides Bevistin (Ankur Agro company, Etawah, India) 
and Diathane M-45 (Sagan Agro Industries, Meerut, India) 
(2 g  kg−1 seeds) were applied to all the seeds. These seeds 
were also properly mixed with Rhizobium culture (National 
Fertilizer limited, New Delhi, India) at 3 g  kg−1 seeds. Six 
seeds of similar size were packed in plastic nursery bags 
and after germination three plants were maintained in each 
bag. The black soil used was affluent in lime, iron, alumina, 
and magnesia. The average temperature ranged from 27 to 
30 °C, relative humidity ranged from 55 to 75% during the 
experimental period.

From the time of germination, soybean seedlings emerged 
from UT and MT seeds were exposed to ambient aUV-B 
(0.136  mWcm−2  s−1) and enhanced UV-B (a+sUV-B, 0.335 
 mWcm−2  s−1) radiation via UV-B lamps (a UV-B fluores-
cent tube,TL40W/12, Philips, Eindhoven, The Netherlands) 
which exhibited its emission > 280 nm to a maximum at 
312 nm and fitted on steel frames at a distance of 45 cm 
directly above the plant canopy of nursery bags (34 × 34 cm) 
that was maintained constant throughout the experimental 
period.

The experimental site was organized in randomised way 
and divided into three blocks containing three biological 
replications, n = 3. This split-plot design allowed us to 
test the effects of ambient UV-B and for enhanced UV-B 

(ambient + supplemental, a+sUV-B; 280–315 nm) radia-
tion on soybean plants.The intensity of UV-B radiation was 
measured by a radiometer, solar light Co. Inc. (PMA 2100), 
Glenside, PA, USA.

Measurement of growth, chlorophyll, PSII efficiency, 
and gas exchange parameters

The sampling was done from 45-day-old soybean plants for 
the growth and biochemical parameters.The plant height and 
leaf area were measured. A portable laser leaf area meter, 
CI-202 (CID Inc., Camas, WA USA), was used for the meas-
urement of the area of third trifoliate leaves. The specific 
leaf weight was measured according to Hunt (1982). The 
chlorophyll content was measured via the dimethyl sulfox-
ide (DMSO) method (Hiscox and Israelstam 1979). The 
total chlorophyll concentration was calculated by equa-
tion of Wellburn’s (Wellburn and Lichtenthaler 1984) and 
expressed as mg  g−1 leaf fresh weight. For chlorophyll a 
(Chla) fluorescence analysis, the handy PEA fluorimeter 
(Plant Efficiency Analyzer, Hansatech Instruments, Norfolk, 
UK) was used with the standard protocol of 30 min dark 
adaptation (Strasser et al. 2000; Kalaji et al. 2016, 2018). 
The transients were induced by red light (peak at 650 nm) of 
600  Wm2 (3200 µE  m−2  s−1) supply through a range of six 
light-emitting diodes, fixed on the leaf surface in the clips on 
a spot of 4 mm diameter to provide homogenous illumina-
tion over the exposed area of the sample. Data were recorded 
for 1 s with 12-bit resolution; the data acquisition was done 
at every 10 µs for the first 2 ms and every 1 ms thereafter 
(Strasser et al. 2000). The JIP-test parameters such as Fv/Fm, 
the maximum quantum yield (efficiency) of PSII photochem-
istry, φEo, the quantum yield of electron transport, ΔV(I–P 
phase), the amplitude of the relative contribution of the I-to-
P rise to the OJIP transient,  PIABS, performance index at 
absorption basis, and  PItotal total performance index were 
calculated according to the equations reviewed by Bussotti 
et al. (2020) and Banks (2017). The Biolyzer HP3 software 
(Bioenergetics Laboratory) was used for the calculation of 
the photosynthetic parameters.

The LI-6200  photosynthetic system (LICOR Inc., 
USA), was used to measure the rate of photosynthesis (Pn 
µmol  CO2  m−2  s−1), stomatal conductance (gs, mmol  H2O 
 m−2  s−1), and internal  CO2 concentration (µmol  CO2  mol−1) 
in third trifoliate leaves of 45-day-old soybean plants. The 
measurement was conducted around noon according to the 
protocol as described previously by Fatima et al. (2020).

Biochemical analyses

All the biochemical analyses were made in third trifoliate 
leaves of 45-day-old soybean plants from untreated and 
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SMF-treated seeds grown under aUV-B as well as a+sUV-B 
stress.

UV‑B absorbing substances (UAS)

UAS accumulation in leaves of soybean was determined 
spectrophotometrically (Shimadzu-UV 1601) from acidified 
methanol extract by the method of Mazza et al. (1999) from 
the leaf disk of 0.50 cm diameter and expressed as units 
 mg−1 fresh weight of leaves.

Hydrogen peroxide  (H2O2)

H2O2 was estimated by the formation of titanium-hydroper-
oxide complex (Mukherjee and Choudhuri 1983) from500 
mg of soybean leaves and expressed as µmol  H2O2  g−1 fresh 
weight of leaves.

Superoxide anion radical  (O2
·−)

The standard nitroblue tetrazolium chloride (NBT) reduction 
method was used to quantify  O2

·− in soybean leaves (100 
mg) following the method of Chaitanya and Naithani (1994) 
and expressed as µmol  g−1 fresh weight of leaves.

Estimation of ascorbic acid (ASA)

Total ASA was estimated following the protocol explained 
in Arakawa et al. (1981). A total of 200 mg leaf tissue was 
used to determine the reduction of dehydroascorbic acid 
(DHA) to ASA by dithiothreitol and expressed as nmol  g−1 
leaf fresh weight.

Estimation of α‑tocopherol

α-Tocopherol was estimated from 500 mg of leaf tissue fol-
lowing the slightly modified procedure from Pearson et al. 
(1970) and described before in Kataria et al. (2019) and 
represented as mg  g−1 leaf fresh weight.

Nitric oxide (NO) determination

The procedure from Zhou et al. (2005) was used to estimate 
NO content from 500 mg of soybean leaves. The NO content 
was expressed in nmol  g−1 fresh weight of leaves.

Nitrate reductase (NR) activity

The procedure of Jaworski (1971) was followed to estimate 
the enzymatic activity of NR from 250 mg of soybean leaf 
tissue and expressed in µmol  NO2  g−1 leaf fresh weight  h−1.

Yield

After the crop harvest at 120 DAE, the number of pods and 
seeds, pod weight, and seed yield per plant were measured.

Statistical analysis

Statistical analysis was performed on Microsoft Excel and 
Prism 4 (GrafPad Software, La Jolla, California) software 
where mean and standard errors were calculated, and the 
analysis of variance (ANOVA) followed by post hoc New-
man–Keuls Multiple Comparison Test were performed. 
###p < 0.001; ##p < 0.01; #p < 0.05 indicate the significant 
difference among the seedlings emerged from untreated 
(UT) seeds grown-up in ambient UV-B with ambient + sup-
plemental UV-B conditions; ***p < 0.001; **p < 0.01; 
*p < 0.05 indicate significant difference among the seed-
lings emerged from SMF pretreated (MT) seeds with the 
seedlings of untreated (UT) seeds grown-up in ambient and 
ambient + supplemental UV-B conditions.

Results

The effects of UV-B radiation on morphological param-
eters of SMF pretreated seeds in 45-day-old soybean plants 
are presented in Fig. 1. Enhanced UV-B (a+s) significantly 
reduced the plant height (15%), leaf area (27%), total 
biomass (22%), and specific leaf weight (27%) in plants 
obtained from untreated soybean seeds as compared to the 
plants from untreated seeds grown in ambient UV-B con-
ditions; while all of these parameters were significantly 
increased by SMF pretreatment (Fig.  1b–d). The plant 
height maximally enhanced by 34% and 67% (Fig. 1a); leaf 
area enhanced by 60% and 115% (Fig. 1b), and specific 
leaf weight was also increased by 60% and 96% (Fig. 1d), 
respectively, under aUV-B as well as a+sUV-B exposure by 
the SMF treatment as compared to their respective untreated 
ones.

Total chlorophyll content of leaves was decreased by 
25% in enhanced UV-B irradiation plants in comparison to 
untreated seeds grown under only ambient UV-B, while it 
was significantly increased (21%) by SMF treatment even 
after the enhanced UV-B irradiation (Fig. 2a).

UV-B absorbing compounds were found to be increased 
in the leaves of soybean plant under the aUV-B and a+sUV-
B (Fig. 2b). UAS contents in the leaves of plants from 
untreated seeds showed a significant increase of 28% under 
a+sUV-B, whereas a significant reduction of 32% and 30% 
were recorded respectively under aUV-B and a+sUV-B as 
compared to their untreated ones (Fig. 2b).

ChlF data indicate that maximum fluorescence (Fm) 
decreased in a+sUV-B treated plants when compared with 
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ChlF from plants of untreated seeds grown under ambient 
UV-B. The transient fluorescence curve (OJIP) in plants 
exposed to ambient or a+sUV-B after SMF pretreatment is 
shown in Fig. 3. The OJIP curve showed an increase in the 
I–P phase due to SMF treatment as compared to the leaves 
of plants that emerged from UT seeds under ambient as well 
as a+sUV-B conditions (Fig. 3).

The photosynthetic parameters such as Fv/Fm, φEo = ETo/
ABS, ΔV (I–P),  PIABS, and  PItotal were decreased in plants 
from untreated seeds grown under aUV-B and a+sUV-B 
exposure (Fig. 4a–e). SMF treatment caused a slight increase 
in Fv/Fm as compared to their UT ones under the presence 
of UV-B stress (Fig. 4a). However, SMF pretreatment sig-
nificantly increased the value of φEo by 50% and 113% and 
ΔV (I–P) by 12.9% and 13%, respectively, under aUV-B and 
a+sUV-B in comparison to their UT ones (Fig. 4c).Values 
of  PIabs and  PItotal parameter derived from ChlF records 
(Fig. 4d, e) confirmed much higher responsiveness com-
pared to Fv/Fm. A tremendous increase was found in  PIABS 
after SMF treatment under aUV-B (145%) and a+sUV-B 
(254%) (Fig. 4d). SMF pretreatment also caused a signifi-
cant increase of 43% and 68% in  PItotal, respectively under 
aUV-B and a+sUV-B as compared to their UT ones (Fig. 4e).

Significant inhibition of the net rate of photosynthe-
sis (23%) and stomatal conductance (42%) was observed 

under the enhanced UV-B, whereas internal  CO2 con-
centration was observed to be increased by 15% in the 
leaves of soybean plants emerged from untreated seeds 
as compared to the plants grown in ambient UV-B condi-
tion (Fig. 5a–c). On the other hand, Pn was increased by 
36% and 46%, respectively, under aUV-B and a+sUV-B in 
the plants from SMF-treated seeds in comparison to the 
plants obtained from untreated seeds (Fig. 5a). SMF pre-
treatment caused 38% and 64% enhancement in stomatal 
conductance, respectively, under aUV-B and a+sUV-B in 
comparison to their untreated seedlings (Fig. 5b). How-
ever, SMF pretreatment caused a reduction of 56% and 
52% in internal  CO2 concentration, respectively, for aUV-B 
and a+sUV-B conditions (Fig. 5c).

Superoxide anion radical  (O2
·−) and hydrogen peroxide 

 (H2O2) content was observed to be higher in the leaves of 
plants that emerged from UT seeds under aUV-B and a+sUV-
B conditions when compared with plants from SMF pre-
treated seeds (Fig. 6a, b). Most of the antioxidant activi-
ties were found to be increased in presence of a+sUV-B 
depicting a better defensive response of the soybean plants 
under a+sUV-B exposure. Among non-enzymatic antioxi-
dants, ascorbic acid showed a significant increase of 24% 
and α-tocopherol showed an increase of 52% by a+sUV-B 
as compared to their untreated plants grown under aUV-B 

Fig. 1  Effect of SMF-priming (200 mT for 1 h) on plant height (a), leaf area (b), total biomass (c), and specific leaf weight (d) of soybean plants 
under ambient and supplemental UV-B conditions. MT = seedlings from SMF pretreated and UT = seedlings from untreated seeds
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condition (Fig. 6c, d), while SMF pretreatment caused a sig-
nificant decrease in ASA and α-tocopherol content under 
aUV-B and a+sUV-B (Fig. 6c, d).

Nitric oxide (NO) content was remarkably increased 
by 63% under a+sUV-B in plants from untreated seeds 
as compared to their plants grown under ambient UV-B 
stress (Fig. 7a). SMF treatment increased the NO content 
by 58% and 23%, respectively, in aUV-B and a+sUV-B 
conditions as compared to their UT ones (Fig. 7a). NR 
activity was decreased by a+sUV-B, while SMF-treatment 
significantly enhanced the NR activity in aUV-B and 
a+sUV-B conditions as compared to their respective UT 
ones (Fig. 7b).

A significant difference in yield parameters such as 
the number of pods/seeds and the weight of pods/seeds 
per plant was observed at crop maturity (Fig. 8a–d). We 
observed a negative effect of a+sUV-B stress on the yield 
of soybean, but the plants that emerged from SMF-treated 

seeds showed a significant increase of 35% in the num-
ber of pods, 39% in pod weight, 45% in the number of 
seeds, and 54% in seed weight per plant in compari-
son to their respective UT ones under a+sUV-B stress 
conditions (Fig. 8a–d).

Discussion

In this study plant growth, the efficiency of PSII, perfor-
mance indices, photosynthesis, and yield was negatively 
impacted by enhanced UV-B, whereas SMF pretreat-
ment was observed to mitigate the UV-B-induced oxi-
dative stress in soybean plants. A significant decline in 
several morphological and physiological characteristics 
(plant height, dry mass, leaf area, chlorophyll content, the 
efficiency of PSII, and photosynthesis) was observed in 
soybean after its exposure to aUV-B together with sUV-
B. A reason behind the morphological and physiological 
changes in the plant can be related to an enhanced level 
of ROS  (O2

·− and  H2O2) observed in this study and it can 
be related to previous studies (Reddy et al. 2004; Shine 
and Guruprasad 2012; Rastogi and Pospisil 2013; Kataria 
et al. 2020). The decline in dry mass and leaf area due to 
enhanced UV-B could be due to a reduction in the cyto-
kinin content, the extent of cell division, and elongation as 
described in previous studies (Hopkins et al. 2002; Kataria 
et al. 2014a, b; Singh et al. 2014; Kataria and Guruprasad 
2018). Reduction in plant height by enhanced UV-B could 
have been due to photo-oxidative damage of the phyto-
hormone indole acetic acid followed by lower cell wall 
extensibility, as established in sunflower seedlings (Ros 
and Tevini 1995). On the other hand, our results revealed 
that SMF pretreatment significantly enhanced the plant 
height, leaf area, specific leaf weight, and total biomass 
accumulation even under a+sUV-B. Some previous studies 
demonstrated that SMF pretreatment could ameliorate the 
inhibition of growth, photosynthesis, and yield caused by 
the ambient UV-B stress in soybean and maize (Shine and 
Guruprasad 2012; Kataria et al. 2017, 2020; Baghel et al. 
2015). A significant increase in SLW after SMF pretreat-
ment influenced the plant’s higher biomass and an increase 
in leaf thickness. This is the first study showing that SMF 
(200 mT for 1 h) pretreatment considerably increased effi-
ciency of PSII, the quantum yield of electron transport, 
performance indices  (PIabs and  PItotal), rate of photosynthe-
sis, NR activity, and NO content as compared to the plants 
that emerged from UT seeds grown under enhanced UV-B 
stress (a + sUV-B) conditions.

A decrease in total chlorophyll concentration under 
enhanced UV-B stress observed is in agreement with 
studies under elevated UV-B radiation (Zhao et  al. 
2003; Reddy et al. 2004). UV-B might have caused the 

Fig. 2  Effect of SMF-priming (200 mT for 1 h) on Total Chlorophyll 
(a), and UAS (b) in third trifoliate leaves of soybean plants under 
ambient and supplemental UV-B conditions. MT = seedlings from 
SMF pretreated and UT = seedlings from untreated seeds
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destruction of chloroplast structure, interferes in chloro-
phyll synthesis through destruction of enzymes, and may 
have enhanced chlorophyll degradation which may have 
resulted in a decrease in total chlorophyll concentration 
observed in this study and supported by previous studies 
(Sakaki et al. 1983; Kataria et al. 2013, 2014a, b). The 
exposure of the plant to a+sUV-B significantly increased 
the UV-B absorbing compounds that emerged from 
untreated seeds in the current study as reported previously 
(Kakani et al. 2004; Reddy et al. 2004). The increase in 
flavonoids had been recognized as a common and quick 
response to UV-B stress (Tiitto et al. 2015). In a study, 
the total phenolic and flavonoid content was observed to 
increase in lettuce plants exposed to direct sunlight (UV 
exposed) in contrast to greenhouse conditions (Low UV) 
by the fluorescence excitation ratio method (Zivcak et al. 
2017). The flavonoids have effective free radical-scaveng-
ing capabilities and could contribute directly to enhanced 
photoprotection against UV-B radiation (Mosadegh et al. 
2018). Thus, flavonoids could protect photosynthetic pig-
ments and may help in sustaining the photosynthetic activ-
ity (Day and Neale 2002). In this study, the flavonoids 
concentrations were observed to be decreased while total 
Chl concentration was increased in combined treatment of 
SMF with UV-B radiation.

It has been previously reported that the supplemen-
tal UV-B irradiance harms the physiological processes 

of plants including the reduction of photosynthetic effi-
ciency, decrease of leaf stomatal conductance, and tran-
spiration rate (Krupa and Kickert 1989; Chen and Zhang 
2007; Kataria et al. 2014a, b). The photosynthetic effi-
ciency of soybean seedlings was determined in terms of 
chlorophyll fluorescence (JIP-test parameters) (Figs. 3, 
4) and gas exchange parameters (Fig. 5). It showed that 
a+sUV-B reduced the I–P phase of the OJIP curve in the 
leaves of plants that emerge from UT seeds, while plants 
that emerged from SMF-treated seeds showed a significant 
increase in the I–P phase even under a+sUV-B stress. The 
I–P phase is related to the electron transfer through PS I 
(Schansker et al. 2006). The I–P phase may decline under 
several kinds of stresses such as nitrogen deficiency (Niki-
forou and Manetas 2011), salinity (Oukarroum et al. 2015), 
heavy metal (Bernardini et al. 2015), drought (Pollastrini 
et al. 2014), and ozone pollution (Bussotti et al. 2011). 
The increase in chlorophyll fluorescence specifically in 
the I–P phase of the OJIP curve is characteristically recog-
nized to the reduction of electron transporters (ferredoxin, 
intermediary acceptors, and NADP) of thePSI acceptor 
side (Kalaji et al. 2016). A positive correlation between 
ΔV(I-P) and net photosynthesis (Pn) have been observed 
in plants (Cascio et al. 2010; Santos et al. 2019). ΔV(I-P) 
is measured as a proxy of the concentration of PSI reaction 
centers (Schansker et al. 2005), which is implied in the 
production of  NADPH+ for  CO2 fixation.The analysis of 

Fig. 3  Effect of  SMF-priming 
(200 mT for 1 h) on chlorophyll 
fluorescence emission transients 
in third trifoliate leaves of the 
soybean seedlings grown under 
ambient and supplemental 
UV-B conditions. MT = seed-
lings from SMF pretreated and 
UT = seedlings from untreated 
seeds.  MTaUV-B = plants 
emerged from SMF-treated 
seeds grown under ambient 
UV-B;  UTaUV-B = plants 
emerged from UT seeds 
grown under ambient UV-B; 
 MTa+sUV-B = plants emerged 
from SMF-treated seeds 
grown under ambient plus 
supplemental UV-B; and 
 UTa+sUV-B = plants emerged 
from UT seeds grown under 
ambient plus supplemental 
UV-B stress.The curve was 
normalized for Fo (fluorescence 
at time 0) and Ft/Fo (where Ft is 
fluorescence at time t) against 
the time
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fast ChlF transient was applied in numerous studies in crop 
plants, to study the environmental effects such as salinity, 
drought, high/low temperature (Stirbet et al. 2018), and 

light stress (Kalaji et al. 2018). Significant suppression 
in Chl fluorescence induction curve was observed in salt-
sensitive genotypes, whereas for salt-resistant sorghum 

∆
V

 (
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P
)

ϕ

Fig. 4  Effect of SMF-priming (200 mT for 1  h) on maximum pho-
tochemical efficiency of PS II, Fv/Fm (a), quantum yield of electron 
transport, φEo (b), relative amplitude of the I–P phase of Chla fluo-
rescence, ΔV (I–P) (c), performance index on absorbtion basis,  PIABS, 

(d), and  performance index total,  PItotal (e)  in third trifoliate leaves 
of soybean plants under ambient and supplemental UV-B condi-
tions. MT = seedlings from SMF pretreated and UT = seedlings from 
untreated seeds
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genotypes the photosynthetic machinery was working even 
at a salt concentration of 200 mM (Rastogi et al. 2020).

Our results showed that a+sUV-B exposure reduced 
Fv/Fm and ΔV(I-P) values, the quantum yield of electron 
transport,  PIABS and  PItotal in plants from untreated seeds 
(Fig. 4), indicating the destruction of PSII under UV-B 
stress (Albert et al. 2005; Kataria et al. 2013, 2014a, b). 
Similarly, Rastogi et al. (2020) have found lower values of 
Fv/Fm and  PIABS in sorghum under salt stress. Kalaji et al. 
(2018) also observed that after 7 days of exposure to dif-
ferent abiotic stress factors  PIABS was most sensitive to the 
fluctuations in different conditions in barley landraces, as 
it characterizes the overall activity of PSII. Several perfor-
mance indices (PIs) have been defined, which are suggested 
to provide information on the structure and function of PSII, 

and the efficiencies of specific electron transport reactions 
in the thylakoid membrane (Stirbet et al. 2018). Further, 
these PIs have been expected to quantify the plant toler-
ance to various abiotic stresses like drought, high light, high/
low temperature, or N-deficiency (Živčák et al. 2014a, b; 
Stirbet et al. 2018; Kalaji et al. 2018). In the present study, 
we have observed that φEo = ETo/ABS,  PIABS, and  PItotal 
were significantly increased by SMF pretreatment than com-
monly used parameter Fv/Fm under aUV-B as well a+sUV-
B conditions and it was shown to be well associated with 
photosynthetic capacity measured as  CO2 assimilation (Rip-
ley et al. 2004). Similarly, Živčák et al. (2014b) indicated 
that the normally used parameter Fv/Fm was more or less 
insensitive to nitrogen treatment but the  PIABS and  PItotal 
were much more responsive and significant differences were 
found among the plants of different nitrogen treatments.The 
authors also observed that the  PItotal is sensitive in compari-
son to  PIABS, especially under field conditions, as  PItotal also 
considers the quantum efficiency of reduction in PSI ends 
acceptor (Redillas et al. 2011; Živčák et al. 2014b; Banks 
2017). Redillas et al. (2011) also observed a decrease in 
 PItotal during N-depletion as a result of the decrease in the 
reduction of end electron acceptors on PSI. In this study, we 
have observed significant differences between treatments for 
 PIABS and  PItotal, but the values of  PIABS showed a higher 
difference between the treatments, which indicated  PIABS 
are sufficiently sensitive for UV-B-related study in a plant. 
It has also been reported that reduction in quantum yield 
of electron transport (φEo) and electron fluxes per cross-
section of the leaves in  C3 and  C4 plant species under ambi-
ent UV-B stress caused the significant decline in uptake of 
carbon (Kataria et al. 2013). Thus our results suggested that 
higher φEo = ETo/ABS, ΔV(I-P),  PIABS, and  PItotal in the 
soybean plants obtained from SMF-primed seeds contributes 
to the higher efficiency of light-harvesting and as a result 
increase the biomass accumulation and uptake of  CO2 even 
in the presence a+sUV-B stress.

Moreover, in the present study, a significant reduction in 
photosynthetic  CO2 uptake was observed with a decrease 
in stomatal conductance and increase in internal  CO2 con-
centration in plants from untreated seeds grown under 
a+sUV-B (Fig. 5), suggesting that the decline in photosyn-
thesis may be due to the UV-B-induced ROS, destroyed 
chlorophyll, and decreased efficiency of PSII and Rubisco 
activity (Kataria et al. 2013; Sztatelman et al. 2015). Simi-
larly, previous studies have reported that enhanced UV-B 
causes reduction in leaf thickness (Inostroza-Blancheteau 
et al. 2014), stomatal conductance (Martinez-Luscher et al. 
2013), photosynthetic  CO2 assimilation (Basahi et al. 2014), 
and photosynthetic efficiency (related with photosystem II) 
(Jordan et al. 2016), as a result, it decrease the crop growth 
and productivity (Kakani et al. 2003a, b; Kataria et al. 2013, 
2014a, b). Zivcak et al. (2017) found that in corresponding 

Fig. 5  Effect of SMF-priming (200 mT for 1 h) on rate of photosyn-
thesis (a), stomatal conductance (b), and internal  CO2 concentration 
(c) in third trifoliate leaves of soybean plants under ambient and sup-
plemental UV-B conditions. MT = seedlings from SMF pretreated 
and UT = seedlings from untreated seeds
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with photochemical parameters, the assimilation of  CO2 was 
also robustly decreased in low light as compared to high 
light and they suggested this inhibition was not due to stoma-
tal closure. Further, they found  CO2 assimilation was defi-
cient by the PSI electron transport supply at low to moderate 
light intensities, but at high light, carboxylation rate seemed 
to be decreased due to the downregulated activity of Calvin 
cycle enzymes, which is fine-tuned by the redox signaling 
at the PSI acceptor side. The response of photosynthetic 
performance under aUV-B and a+sUV-B in soybean plants 
that emerged from SMF pretreated seeds in this study was 
in accordance with numerous previous studies on soybean 
(Shine et al. 2011, 2012; Kataria et al. 2020).

The production of ROS is the most common cause for the 
reduction in photochemical efficiency and photosynthetic 
rate (Shine and Guruprasad 2012; Kataria et al. 2014a, b). 
PSII reaction center is the most sensitive component of 
photosynthetic apparatus to UV-B exposure (Kataria et al. 
2014a, b). An increase in the  H2O2 content in the leaves of 

UV-B treated plants was observed by several researchers 
(Rybus-Zając 2005; Kubiś and Rybus-Zając 2008). In our 
study, we have also observed a higher amount of  O2

·− and 
 H2O2 and antioxidants (ASA and α-tocopherol) in the plants 
from untreated seeds exposed to a+sUV-B. However, SMF-
treated plants showed a lower amount of ROS and antioxi-
dants even after exposure to a+sUV-B; this may support the 
soybean plants to utilize their metabolic energy to improve 
crop growth and productivity. Earlier, it has been reported 
that the reduction in the net photosynthetic rate of crops 
may be closely related to the inhibition of PSII efficiency, 
photosynthetic enzymes, and ultrastructural changes in chlo-
roplasts due to higher ROS after exposure to UV-B (Jordan 
et al. 1992; He et al. 1994; Greenberg et al. 1997; Kataria 
et al. 2014a, b). Several reports have shown the involve-
ment of ROS molecules in UV-B induced damages to the 
plants (Snyrychova et al. 2007). Thus, an increase in antioxi-
dant defense such as higher ascorbic acid and α-tocopherol 
and oxidative membrane damage products were observed 

Fig. 6  Effect of SMF-priming (200  mT for 1 h) on superoxide radi-
cal (a), hydrogen peroxide (b), ascorbic acid (c), and α-tocopherol 
(d) content in third trifoliate leaves of soybean plants under ambient 

and supplemental UV-B conditions. MT = seedlings from SMF pre-
treated and UT = seedlings from untreated seeds
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in plants exposed to UV-B stress (Rao and Ormrod 1995; 
Malanga et al. 1997; Jain et al. 2004; Kataria et al. 2007; 
Baroniya et al. 2013; Dwivedi et al. 2015).

Nitric oxide (NO) is an important signaling molecule 
involved in the amelioration of growth and development of 
plants under various biotic and abiotic stresses (Ahmad et al. 
2016; Ahanger et al. 2020). In recent years NO was observed 
to play an important role defense mechanism in response to 
UV-B radiation (Kataria et al. 2020). NR is an important 
enzyme in N metabolism, that is used to converts nitrate 
 (NO3

−) into nitrite  (NO2
−) and required for the formation 

of amino acids (Canovas et al. 2007). In the present study, 
enhanced UV-B caused a decrease in NR activity in leaves 
of plants that emerged from untreated seeds as compared 
to plants grown in ambient UV-B. While SMF treatment 
enhanced the NO content and NR activity under ambient 
and enhanced UV-B stress as compared to their unprimed 
ones. NO has been found as the second messenger related 
to growth and development under UV-B irradiation (Zhang 
et al. 2003). Zhang et al. (2011) found a connection between 
UV-B-induced flavonoid production and NR mediated NO 
production in Betula pendula. Nitrate reductase is involved 
in 24-epibrassinolide-induced NO synthesis to improve 

tolerance toward iron deficiency in strawberry and cad-
mium toxicity in pepper plants (Kaya et al. 2020a, b). The 
response of soybean plants to a+sUV-B and SMF pretreat-
ment in this study was in accordance with several earlier 
studies on soybean (Baroniya et al. 2013, 2014; Kataria et al. 
2017). Related studies reported that an enhanced or supple-
mental UV-B radiation could significantly reduce the NR 
activity in soybean (Rockel 2002), maize (Quaggiotti et al. 
2004), Vigna (Balakumar et al. 1999), and barley (Ghisi 
et al. 2002). The NR reducing activity also influences the 
nitrogen metabolism by influencing photosynthetic machin-
ery (Baroniya et al. 2014).

As the stratospheric ozone layer is depleting the farmers 
and scientists are concern about the decreasing crop yield. A 
decrease in biomass is generally observed with an increase 
in secondary metabolites (Zhang and Björn 2009), which 
indicates a less anticipated economic loss. In our study 
the final yield or biomass may have influenced by various 
parameters that are affected by UV-B radiation; such as 
decreases in chlorophyll concentration, the efficiency of 
PSII, rate of photosynthesis, leaf area, and increase in ROS. 
The present study confirmed previous reports (Qiang et al. 
2004; Liu et al. 2013) that UV-B radiation on the canopy 
changed the soybean agronomic traits and decrease the yield 
per plant. Chen et al. (2004) reported that the seed weight of 
20 soybean cultivars showed different sensitivity to UV-B 
radiation and found that the seed weight of the 15 soybean 
cultivars decreased quite significantly. However, SMF treat-
ment caused a significant decrease in UV-B absorbing sub-
stances, ROS, ASA, and α-tocopherol content while caused a 
remarkable increase in efficiency of PSII, and JIP-test param-
eters such as φEo, ΔV(I–P),  PIABS, and  PItotal along with a 
higher rate of photosynthesis, higher NO and  NR activity; 
consequently, the SMF-treatment remarkably improve all the 
yield parameters studied under ambient and supplemental 
UV-B stress. Thus, SMF-priming of dry seeds of soybean 
was effective in mitigating the adverse effects of supplemen-
tal UV-B and improved the crop yield.

Conclusions

In conclusion, enhanced/supplemental UV-B radiation had an 
adverse effect on plant height, leaf area, specific leaf weight, 
biomass, efficiency of PSII, photosynthesis, and grain yield 
of soybean crop under field conditions. The impact of UV-B 
on biological systems mainly on plants is found to be severe 
because of the sessile nature of the plants. The adverse effect 
of a+sUV-B can be alleviated by magnetopriming with the 
SMF of 200 mT for 1 h in soybean plants. The strong defense 
strategy of SMF-treated plants was to reduce the damaging 
effects of ROS induced by enhanced UV-B stress especially 
on the photosynthetic performance of soybean plants. The 

Fig. 7  Effect of SMF-priming (200 mT for 1 h) on nitric oxide con-
tent (a), and nitrate reductase activity (b) in third trifoliate leaves 
of soybean plant under ambient and supplemental UV-B condi-
tions. MT = seedlings from SMF pretreated and UT = seedlings from 
untreated seeds
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enhanced photosynthetic efficiency, higher φEo, ΔV(I–P), 
 PIABS,,  PItotal, and NO/NR activity subsequently caused 
improvement in yield of soybean plants emerged from SMF-
primed seeds under UV-B stress; it is an integration of stimu-
lation of tolerance towards enhanced or supplemental UV-B 
stress as compared to the plants emerged from untreated seeds. 
Future substantiation of the results under field conditions can 
help in promoting magnetopriming as a feasible option for 
alleviating the adverse effect of enhanced UV-B stress.
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