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Abstract The experiments were conducted for the esti-
mation of the mitigating effect of the static magnetic field
(SMF of 200 mT for 1 h) treatment on soybean under
ambient UV-B stress. The SMF treated (MT) and untreated
(UT) seeds were grown inside iron cages covered with
polyester filters for the purpose to filter UV-A + B
(< 400 nm) and UV-B (< 300 nm) radiations, polythene
filter control (FC) transparent for UV (280-400 nm), and
open controls (OC) were without any filters. Our results
indicated that specific leaf weight, efficiency of PS II,
activity of carbonic anhydrase (CA) and nitrogenase
(NRA), nucleic acid and protein content, nitric oxide (NO)
and yield were significantly decreased in plants of
untreated seeds under UV-B stress. SMF treatment to the
soybean seeds was observed to mitigate the adverse effect
of ambient UV-B with a significant enhancement in above-
measured parameters in plants when compared with plants
of untreated seeds grown under OC/FC conditions.
Chlorophyll a fluorescence transition curve (OJIP-curve)
from SMF treated and UV excluded plants has shown a
higher fluorescence yield especially for I-P phase as
compared to the plants grown in ambient UV-B stress.
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Reduction in the level of superoxide anion radicle (0'27),
hydrogen peroxide (H,O,), malondialdehyde (MDA) and
proline content with a remarkable increase in DNA, RNA,
protein and NO content, increased photosynthetic effi-
ciency and nitrogen fixation in the leaves of soybean sug-
gested the ameliorating effect of SMF pre-treatment
against ambient UV-B induced damage. Consequently,
SMF-pretreatment increased the tolerance of soybean
seedlings to ambient UV-B stress as compared to the
untreated seeds. The increase in carbon and nitrogen fixa-
tion ability due to SMF pre-treatment and the omission of
solar UV radiation impact can be a direction for the pur-
pose to improve the crop yield. Evaluation of the conse-
quences of SMF treated seeds under ambient UV-B stress,
and the plants from untreated seeds under solar UV
exclusion indicated parallelism among the two effects.

Keywords Abiotic stress - Chl a fluorescence - Carbonic
anhydrase - Nitrogenase - UV-B - Specific leaf weight -
Yield

Introduction

In the last century, anthropogenic activities have led to a
rapid deterioration in the environment. Among different
impacts, ozone depletion is a serious problem, which leads
to the penetration of ultraviolet radiation (UV-B,
280-320 nm) to the Earth’s surface. UV-B constitute a
small fraction of total solar radiation which reaches the
Earth’s surface (Kataria et al. 2014a, b). The problem has
been given attention and since the mid-1990s, the UV-B
alleviation is monitored through the Montreal Protocol.
However, it is very complicated to reach the level of the
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ozone layer to a pre-1980 stage and may require numerous
decades (McKenzie et al. 2011; Bais et al. 2019). UV-B
contributes to a tiny fraction of the solar spectrum; how-
ever, its high energy level leads to substantial damage to
the plants (Santos et al. 1993; Kataria et al. 2014a; Robson
et al. 2015). It has been previously reported that exposure
to UV-B radiations may cause a change in several struc-
tural molecules such nucleic acids, proteins, and lipids.
Several reports have also shown an enhancement in the
production of reactive oxygen species (ROS), with the
observation related to a decrease in several physiological
processes such as photosynthetic capacity and N, fixation
in plants (Kataria et al. 2014a; Kurth et al. 2015). It is
established that UV-B radiation damage the DNA by cre-
ating several dimers (such as cyclobutane pyrimidine
dimers, and pyrimidine-pyrimidinone (6-4) photoproducts)
(Santos et al. 2012). DNA damage resulting due to UV-B
leads to the impairment in DNA replication, resulting in
failure of transcription and ultimate cell death (Santos et al.
2012; Chudobova et al. 2015).

There are several studies where specific filters were
applied to filter out solar UV, these studies were generally
focused on the impacts of ambient UV on plant growth
parameters, yield, and photosynthesis (Kataria et al.
2014a, b). The UV exclusion studies have reported that the
exposure of plants to UV-B radiations caused an adverse
effect on the plant growth parameters, biomass accumula-
tion, photosynthesis, nitrogen fixation and yield of several
plant species like wheat, barley, sorghum, maize, cucum-
ber, soybean, cotton, amaranthus, mung bean and pea (Pal
et al. 2006; Kataria et al. 2013; Kataria and Guruprasad
2014, 2015).

Recently, methods such as radiofrequency energies,
electron beam, gamma rays, microwaves, laser, and mag-
netic fields were used for the purpose to stimulate seed
germination. With the application of different physical
methods, seeds were observed to increased its vigor and
improved the development of plants, and ultimately an
increase in crop yield (Stange et al. 2002; Aladjadjiyan
2007; Akshatha et al. 2013; Kumar et al. 2014; Kataria and
Jain 2018).

In agriculture, static magnetic field (SMF) pre-treat-
ments was used as a novel environmentally friendly
physical method for seed priming for the purpose to
improve seed germination, growth, photosynthesis, and
crop yield under non-stress as well as abiotic stress con-
ditions (Martinez et al. 2000; Kataria et al. 2015, 2017a, b;
Kataria and Jain 2018; Kataria et al. 2019). Although
several works have been performed previously, where SMF
was shown to have a positive impact on seed germination,
plant growth, protein biosynthesis, seedling elongation and
root development (Yinan et al. 2005; Kataria et al.
2019, 2020). Earlier studies also suggested the changes in
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structural molecules such as nucleic acids, and protein
synthesis gets influenced by the changes in strengths of MF
in G1 phase of the cell division, where the cell division rate
was observed to be increased in cells exposed to MF (Atak
et al. 2003). Previously, it has been found that the pre-
treatment of SMF (200 mT for 1 h) to the soybean seeds
leads to the improvement of plant growth, and photosyn-
thetic parameters as compared to untreated ones in pres-
ence of salt, drought and ambient UV-B stress (Kataria
et al. 2017a, b; Baghel et al. 2016, 2018, 2019). To best of
our knowledge, the effects of SMF along with ambient UV-
B stress on Chl a fluorescence induction curve (OJIP), leaf
phenological models, along with the activity of CA and
NRA, and metabolites like DNA, RNA and protein, proline
and MDA content in soybean have not been reported pre-
viously in soybean. Soybean (Glycine max) is among the
most important leguminous crop, which is very sensitive to
UV-B stress (Baroniya et al. 2011; Kataria et al. 2017b).
Therefore, through this experimental work, we evaluated
the changes in physiological and biochemical parameters
of soybean in response to SMF pretreatment and ambient
UV-B. In the present work, we evaluated the impact of
magnetopriming with SMF (200 mT for 1 h) particularly
on leaf growth, chlorophyll a fluorescence parameters,
activities of CA in the leaves and NRA in the root nodules,
nucleic acids and protein, ROS, NO, proline, and MDA
content in leaves of the soybean plants under the ambient
UV (280 - 400 nm) stress and under solar UV exclusion
filters.

Materials and methods
Plant material and experimental setup

The soybean (Glycine max) var. JS-335 seeds were
obtained from ICAR-Indian Institute of Soybean Research,
Khandwa Road, Indore, India. The experiments were
conducted under the natural light condition from October
2018 to January 2019 at an open terrace of the School of
Biochemistry, Devi Ahilya Vishwavidhalaya, Indore (22°
44’ N), India. The uniformed size soybean seeds were pre-
treated with SMF of 200 mT for 1 h before its plantation.
The moistened unprimed (UT-untreated) and magneto-
primed (SMF-treated) seeds of soybean were treated with
fungicides like Diathane M (Sagan Agro Industries,
Meerut, India) and Bevistin (Ankur Agro company, Eta-
wah, India) at 2 g kg™ seeds, and then, mixed with pow-
der of Rhizobium culture 3 g kg~' seed. The treated (MT)
and untreated (UT) seeds were cultivated in nursery bags of
the size 34 x 34 cm. The nursery bags were filled with a
mixture of soil, sand, and farm-yard manure (in the ratio of
2:2:1). The plastic nursery bags were kept under a designed
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iron mesh cages, The cages were wrapped with a UV cut-
off Polyester filters (Garware polyester Ltd., Mumbai) with
a cut-off range for UV-A + B <400 nm and UV-
B < 315 nm. In this study, we planned two types of con-
trols; plants were grown either in the cages covered with
transparent polythene that transmits ambient UV (filter
control, FC) or without any polythene in open field,
exposed to ambient solar radiation (open control, OC). The
Shimadzu Spectrophotometer (UV-1800) was used to
measure the transmission characters of the used filters
(Fig. 1a).

Magnetic field generation and treatment

For the generation of the electromagnetic field, “AETec”
(Academy of Embedded Technology, Delhi, India) was
used (as shown in Fig. 1b), which generate variable mag-
netic field strength (50-500 mT). For the experiments,
electromagnetic field of 200 mT was generated with a gap
of 5 cm between pole pieces. The pole pieces of the
electromagnet were cylindrical in shape with 9 cm diam-
eter and 16 cm length. The total number of turns of copper
coil per pole piece was 3000 and resistance of the coil was
16 Q. A DC power supply (0-85 V/10 A) with a continu-
ously variable output current was used for the electro-
magnet. The digital gauss meter (AEfech model DGM-102)
operating on the principle of Hall Effect monitored the field
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Fig. 1 Transmission spectra of polythene filter and UV cut-off filters
used to cover the iron mesh cages for raising soybean plants under
field conditions (a) and electromagnetic field generator (b) for pre-
treatment with static magnetic field (SMF) for 200 mT for 1 h to
soybean (Glycine max) var. JS-335

strength produced in the pole gap. The magnetic field of
200 mT was applied to soybean seeds for an hour in a
sample holder (transparent plastic) of 42 cm® capacity
(2.7L x 2.6 B x 7.3 H) at 25 °C. The seeds not exposed
to magnetic field (kept away from the magnetic field) were
considered as untreated seeds. The local geomagnetic field
was observed to be < 10 mT. The experiments were con-
ducted for SMF-primed and unprimed seeds simultane-
ously under similar conditions.

Measurement of growth, chlorophyll (Chl) content
and chlorophyll fluorescence parameters

The experiments were conducted in triplicates (n = 3);
different samples from five plants of each replica were
analyzed for each treatment at 45 days after the emergence
of seedlings (DAE).

For the assessment of morphological variation, specific
leaf weight (SLW) and leaf weight ratio (LWR) of the third
trifoliate leaves was measured as described by Hunt (1982).
The leaves were oven-dried at 105 °C for 24 h for constant
weight. The dry mass of the third trifoliate leaves was
measured. A portable laser leaf area meter CID-202 scan-
ning planimeter (CID Inc., USA) was used to measure leaf
area. The concentration of chlorophyll (Chl) a and Chl b,
were measured as per Hiscox and Israelstam (1979).

Chlorophyll a fluorescence (Chl F) of dark-adapted third
trifoliate leaves of soybean at 45 DAE was measured by a
Handy PEA fluorimeter (Plant Efficiency Analyzer,
Hansatech Instruments Ltd., King’slynn Norfolk) as pre-
viously described in Kalaji et al. 2018; Rastogi et al.
2019a, b). The light intensity reaching the leaf was
3200 uE m~%s~'. The plants were dark-adapted for
30 min. Data were recorded for 1 s with 12-bit resolution;
the data acquirement was for every 10 ps for the first 2 ms
and subsequently for every 1 ms (Strasser et al. 1995).
Different chlorophyll fluorescence characteristics such as
specific quantum yield of electron transport (PHIg,), the
density of active photosynthetic reaction centers (RC/CSm)
and leaf phenomenological models were calculated by
using the software Biolyzer HP 3 (the chlorophyll fluo-
rescence analyzing program by Bioenergetics Laboratory,
University of Geneva, Switzerland) (Strasser et al. 1995).

Measurement of carbonic anhydrase activity (CA)

CA activity was measured in the third trifoliate leaves at 45
DAE by using the methods described in Kataria and Gur-
uprasad (2014). Enzyme activity was defined as 1 unit = 10
(To — T)/T, in which T and To represent the time
(s) needed for a pH decrease from 8.25 to 6.45, respectively
with and without enzyme.
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Measurement of nitrogenase activity (NRA)

Nitrogenase (EC 1.18.6.1) activity was determined in root
nodules of soybean by the acetylene reduction assay (ARA)
(Hardy et al. 1973). Standard curve for ethylene was
plotted for this analysis. Nitrogenase activity was calcu-
lated for the linear phase of reaction and expressed as n
mole C,H, produced g~ ' fresh weight of root nodules h™".

Biochemical analysis

DNA, RNA, protein, superoxide radical, proline and MDA
content were measured in third trifoliate leaves of the
soybean seedlings emerged from SMF treated and
untreated soybean seeds after 45 DAE.

DNA, RNA and protein

The total DNA content was estimated by diphenylamine
(DPA) reagent as described in Gendimenico et al. (1988).
The standard curve of DNA was prepared by 40-400 pg of
horse sperm DNA and was expressed in pg g~ ' fresh
weight of leaves.

The total RNA content was estimated using orcinol
reagent by the method of Webb et al. (1958). The standard
curve for RNA was prepared using 40-200 pg of yeast
RNA and it was expressed as pg g~ ' fresh weight of
leaves.

Total soluble protein was estimated as per Lowry (1951)
using bovine serum albumin as the standard and expressed
in mg g~' fresh weight of leaves.

Superoxide radical (O, ) and nitric oxide (NO)

Superoxide anion radical (O,) was quantified by its
capacity to reduce nitroblue tetrazolium chloride (NBT) in
soybean leaves following the method of Chaitanya and
Naithani (1994). For O, estimation, 0.1 g radicles were
homogenized with cold (4 °C) sodium phosphate buffer
(02M, pH 7.2) -containing diethyldithiocarbamate
(102 M) to inhibit active superoxide dismutase, and this
homogenate was centrifuged (Remi Centrifuge C-24 Plus)
at 13800g for 10 min at 4 °C. The resultant supernatant
was used for estimation of O, . The optical density of the
end product was measured at 540 nm using a UV-Vis
spectrophotometer (UV-1800). It was calculated using a
molar absorption coefficient of 12.8 mM~' cm™' and
expressed as pmoles g~ ' fresh weight of leaves.

Nitric oxide (NO) content was measured according to
the method of Zhou et al. (2005) by Greiss reagent (1%
sulphanilamide and 0.1% N-1-napthylethylenediaminedi-
hydrochloride in 5% H,PO, solution). The NO content was
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measured at 540 nm with a Shimadzu Spectrophotometer
(UV-1800) and it was calculated using a standard curve
prepared with NaNO, and expressed in n moles g~ fresh
weight of leaves.

Malondialdehyde (MDA) and Proline

MDA content was measured by estimating thiobarbutaric
acid reactive substances (TBARS) using the method
described by Heath and Packer (1968). The amount of
MDA was calculated using the extinction coefficient
(e=155mM cm) and expressed in mM mg~' fresh
weight of leaves.

The proline content was estimated as per Bates et al.
(1973). The proline content was expressed as pg pro-
line g~ ' fresh weight of the leaves.

Yield

After the harvest at 120 DAE, soybean biological yield and
seed yield were measured. For the calculation of seed yield,
seed weight per plant, whereas, the biological yield was
measured by weighing above-ground parts. The % Harvest
index was calculated using:

HI (%) = Seed yield/Biological yield x 100
(Kataria and Guruprasad 2012).

Statistical analysis

The data are presented as the mean £ SE of triplicates
(n = 3) and analyzed by the analysis of variance (ANOVA)
followed by post hoc Newman—Keuls Multiple Compar-
ison Test by using Prism 4 software for Windows, GrafPad
Software, La Jolla, California. ###p < 0.001; ##p < 0.01;
#p < 0.05 indicates the significant difference between OC
with FC and UV exclusion conditions in soybean plants
emerged from untreated seeds; ***p < 0.001; **p < 0.01;
*p < 0.05 indicates significant difference between SMF
pre-treated (MT) and untreated (UT) seedlings grown in
different treatments like OC/FC as well as in UV exclusion
conditions.

Results

Growth, chlorophyll (Chl) content and chlorophyll
fluorescence parameters

In the present study, we have observed that solar UV
exclusion has promoting effects on leaf growth, specific
leaf weight, leaf weight ratio in soybean plants, which
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Fig. 2 Effect of SMF pre-treatment (200 mT for 1 h) on specific leaf
weight (a), and leaf weight ratio (b) of third trifoliate leaves at
45 days after emergence of soybean seedlings grown under different
treatments. The vertical bar indicates & SE for mean. OC = ambient
control, FC = filter control, -UV-B = exclusion of solar UV-B and —
UV-A + B = exclusion of solar UV-A and B both

emerged from UT seeds (Fig. 2a, b). Solar UV-B exclusion
caused 44% increase whereas, exclusion of UV-A + B
caused 37% increase in SLW in UT plants when compared
with plants from UT seeds under ambient UV (OC) con-
ditions. On the other hand, in presence of ambient UV
stress conditions (OC and FC), the plants that emerged
from SMF treated seeds also caused significant increase in
SLW and LWR as compared to the plants emerged from
untreated seeds (Fig. 2a, b). The maximum enhancement of
32-26% in LWR was observed respectively under OC and
FC conditions after SMF pre-treatment when compared
with untreated ones (Fig. 2a). While SMF caused a 20%
increase in SLW under OC and 35% increase was found
under FC conditions (Fig. 2a). When the SMF pre-treated
plants were grown under UV exclusion filters then SMF
treatment does not cause any significant changes in UV
exclusion induced enhancement in the studied parameters.

The Chl a/b ratio was observed to be higher in leaves of
soybean plants from UT seed in comparison to SMF pre-
treatment and samples from solar UV exclusion (Fig. 3).
The reduction in Chl a/b by SMF and solar UV exclusion
may be due to an increase in Chl b then Chl a (data not
given).

ambient UV-B exposure results in a significant decrease in
maximum fluorescence (Fm) when compared with ChIF
from plants of solar UV exclusion or after SMF pretreat-
ment. The transient fluorescence curve (O-J-I-P) from SMF
treated and UV excluded plants (OC/FC) is shown in
Fig. 4. For better presentation, the O-J—I-P transients were
normalized at Fo. A significant difference in O-J-I-P
curve between UT and MT were observed in OC and FC
conditions. The O-J-I-P curve showed an increase in I-P
phase due to the exclusion of solar UV and also after SMF
treatment as compared to the leaves of plants emerged from
UT seeds in the presence of UV stress (OC/FC) (Fig. 4).

The photosynthetic parameters such as yield of electron
transport (¢Eo = ETo/ABS), was observed to be increased
by 11% and 10% after the exclusion of UV-B and UV-
A + B, respectively as compared to UT ones grown in OC
conditions (Fig. 5a). SMF treatment caused slight increase
in ETo/ABS as compared to their UT ones under the
presence of UV-B stress. The density of active photosyn-
thetic reaction centers (RC/CSm) was slightly improved by
SMF treatment and solar UV exclusion in comparison to
untreated plants grown under ambient UV conditions (OC/
FC) (Fig. 5b).

In leaves of soybean plants that emerged from SMF
treated seeds and untreated seeds grown in presence and
absence of UV stress, the phenomenological leaf model
was obtained through Biolyzer HP 3 software. The model
showed that SMF treatment and solar UV exclusion
enhanced electron transport (ETo/CSm) as compared to the
UT ones grown under ambient UV stress (Fig. 6). In
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Fig. 4 Effect of SMF pre-
treatment on chlorophyll ]
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0.1

model, the open circles showed the active reaction center;
the plants after SMF treatment grown under UV-B and UV-
A/B exclusion filters had higher number of active reaction
centers combined with higher efficiency of ETo/CSm
indicated by broader width of the arrow in the leaf models
as compared to their UT ones (Fig. 6).

Carbonic anhydrase (CA) and nitrogenase (NRA)
activity

SMF treatment significantly increased the activity of CA in
third trifoliate leaves of soybean by 33% in OC and 46% in
FC conditions as compared to their UT ones (Fig. 7a). It
was enhanced by 37% by UV-B exclusion and 22% by UV-
A 4+ B exclusion as compared to UT ones under OC
conditions (Fig. 7a).

Similarly, SMF treatment caused a remarkable increase
in activity of nitrogen-fixing enzyme NRA by 151% and
138% respectively under OC and FC conditions (Fig. 7b).
The significant increase of 183% and 100% respectively
was observed in NRA activity after solar UV-B and UV-
A + B exclusion in comparison to UT ones grown under
OC conditions (Fig. 7b).

SMF treatment does not cause any significant changes in
the activity of CA and NRA under solar UV exclusion
filters (Fig. 7b).
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DNA, RNA, and protein

Exclusion of solar UV-B and UV-A + B suggested that
ambient UV-B caused a decrease in the content of DNA,
RNA and protein while SMF treatment and exclusion of
solar UV increase these bio-molecules (Fig. 8a—c).

SMF pretreatment caused 38% increase in DNA content
in OC conditions (+UV-B) and in FC conditions (+UV-B),
SMF caused 32% increase as compared to their UT ones
(Fig. 8a). Exclusion of solar UV-B caused 33% and
exclusion of solar UV-A + B caused 28% increase in
DNA content of leaves of plants that emerged from UT
seeds as compared to the plants grown under ambient UV
stress (OC) (Fig. 8a).

Similarly, RNA and protein content was also increased
by SMF treatment and solar UV exclusion but when SMF
treated seeds grown under UV exclusion filters then SMF
does cause any significant change (Fig. 8b,c). The plants
emerged from UT seeds under exclusion of solar UV-B and
UV-A + B caused 17% and 27% increase respectively in
the RNA content as compared to the plants of UT seeds
grown in presence of UV-B stress (OC) (Fig. 8b).

The protein content was also dramatically increased by
SMF treatment even under the presence of UV stress (OC
and FC conditions) as compared to their UT ones (Fig. 8c).
It caused 92% and 80% promotion in protein content
respectively in OC and FC conditions as compared to their
UT ones (Fig. 8c). Similarly, exclusion of solar UV-B
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Fig. 5 Effect of SMF pre-treatment on specific quantum yield of
electron transport (PHIgg) (a), and the density of active photosyn-
thetic reaction centers (RC/CSm) (b) in the third trifoliate leaves at
45 days after emergence of the soybean seedlings grown under
different treatments. The vertical bar indicates & SE for mean.
OC = ambient control, FC = filter control, —UV-B = exclusion of
solar UV-B and —UV-A + B = exclusion of solar UV-A and B both

caused 29% and solar UV-A + B caused 35% increase in
protein content in the leaves of plants from UT seeds as
compared to the plants grown under ambient UV condi-
tions (OC) (Fig. 8c).

Superoxide anion radical and nitric oxide content

Superoxide anion radical (0'27) content was observed to be
higher in the leaves of plants that emerged from UT seeds
(OC and FC) when compared with plants from SMF-pre
treated seeds. Whereas under ambient UV stress, the 0'27
content was observed to be low in the plants emerged from
SME-pre-treated seeds and in the plants which emerged
from untreated seeds under the exclusion of solar UV
components (Fig. 9a).

Nitric oxide (NO) content was remarkably increased by
SMF treatment and solar UV exclusion alone and in a
combination of SMF and UV exclusion filters (Fig. 9b).
SMF treatment significantly increases the NO content by
89% and 86% respectively in OC and FC conditions as
compared to their UT ones (Fig. 9b). Whereas the plants of
UT seeds under exclusion of UV-B caused 70% and

Fig. 6 Effect of SMF pre-treatment on leaf phenomological models»
in the third trifoliate leaves at 45 days after emergence of the soybean
seedlings grown under different treatments. OC = ambient control,
FC = filter control, -UV-B = exclusion of solar UV-B and -UV-
A + B = exclusion of solar UV-A and B both. The arrows showed
fluxes for light absorbance (ABS), excitation energy trapping (TRo),
energy dissipation (DIo) and electron transport (ETo) beyond Qa-.
ABS/CSm = absorption flux CS approximately by Fm; TRo/CSm =
trapped energy per CS, ETo/CSm = electron transport flux per CS;
DIo/CSm = dissipated energy per CS. By the size of the proper
parameters (arrow), each relative value is stands for the thickness of
each arrow indicates the relative size of the fluxes or the antenna,
empty circles stands for reducing Qa active reaction centers, full
black circles represents for non-reducing Q, inactive or silent
reaction center

exclusion of solar UV-A + B caused 57% increase in NO
content in comparison to the plants of UT seeds grown
under OC conditions (Fig. 9b).

The SMF treated plants under UV-B exclusion filters
showed 24% increase and UV-A + B exclusion filters
showed 48% increase in NO content as compared to their
UT ones (Fig. 9b).

MDA and Proline

The MDA and proline contents were observed to be
decreased due to solar UV exclusion and SMF treatment,
but the extent of reduction was more in proline content by
solar UV exclusion and SMF treatment (Fig. 10a, b). The
proline content was observed to be decreased by 54% and
56% by SMF treatment respectively under OC and FC
conditions (Fig. 10b). And the exclusion of solar UV-B
caused 24% and UV-A 4+ B exclusion caused 19%
reduction in proline content as compared to their UT ones
in OC conditions (Fig. 10b).

Yield attributes

In the present study, a significant difference in yield
parameters like total biomass accumulation, number of
pods and weight of seeds per plant was observed at
maturity on 120 DAE in the plants grown under UV
exclusion filters and plants emerged from SMF treated
seeds under ambient UV-B radiation (Fig. 11a, b). We
have found negative effect of ambient UV-B stress on the
yield of soybean, but the plants emerged from SMF treated
seeds showed 25% increase in harvest index as compared
to UT ones under the presence of ambient UV stress
(Fig. 11b). In the same way, -UV-B caused 42% increase
and -UV-A + B caused 21% enhancement in the harvest
index of UT plants as compared to the plants emerged from
UT seeds under ambient UV stress (OC) conditions
(Fig. 11b).
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In the present study, the exclusion of solar UV-B radiations
indicated that ambient UV-B radiation severely affected
the different growth and physiological parameters of soy-
bean as indicated by the changes in leaf growth, photo-
synthetic parameters, and metabolites. On the other hand,
SMF pre-treatment and exclusion of solar UV enhanced the
growth, PSII efficiency, carbon and nitrogen fixation and
yield in soybean plants as compared to their UT ones
grown under ambient UV-B stress. Similarly, earlier indi-
vidual studies on SMF treatment and solar UV exclusion
suggested the enhancement in the plant growth, leaf area,
biomass accumulation, and photosynthetic efficiency; and
stimulated the activities of CA, NRA and Rubisco in sev-
eral crops wheat, maize, cotton, soybean (Kataria et al.
2013, 2017b, 2019; Kataria and Guruprasad
2012, 2014, 2015).

This is the first report showing that SMF pretreatment
and solar UV-B and UV-A + B exclusion significantly
increased the JIP test parameters like rise in I-P phase,
Quantum yield of electron transport, RC/CSm; active
reaction centers and electron transport per cross-section;

Fig. 8 Effect of SMF pre-treatment on DNA (a), RNA (b) and
protein (c) content in the third trifoliate leaves at 45 days after
emergence of the soybean seedlings grown under different treatments.
The vertical bar indicates & SE for mean. OC = ambient control,
FC = filter control, -UV-B = exclusion of solar UV-B and -UV-
A + B = exclusion of solar UV-A and B both

activity of CA and NRA and biomolecules like DNA, RNA
and proteins and NO content as compared to the plants
emerged from UT seeds grown under ambient UV-B stress
(OC or FC) conditions. Thus, our data indicate that ambient
UV-B stress suppressed the fixation of carbon and nitrogen
in the soybean plants emerged from UT seeds under OC
and FC.

A significant increase in LWR and SLW as a response to
solar UV exclusion and SMF pre-treatment influenced the
plant’s higher biomass and an increase in leaf thickness.
Previous studies have shown a similar response of UV
exclusion in sorghum and amaranthus (Kataria and Gur-
uprasad 2012, 2014). The plants grown in ambient UV
conditions (OC/FC) showed lesser SLW indicating that
UV-B radiation decreases leaf thickness, which results in a
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Fig. 9 Effect of SMF pre-treatment on superoxide radical (a) and
nitric oxide (b) content in the third trifoliate leaves at 45 days after
emergence of the soybean seedlings grown under different treatments.
The vertical bar indicates + SE for mean. OC = ambient control,
FC = filter control, -UV-B = exclusion of solar UV-B and -UV-
A + B = exclusion of solar UV-A and B both

reduction in dry weight and rate of photosynthesis as
reported in other studies (Musil and Wand 1994; Correia
et al. 1999; Singh et al. 2009).

Feng et al. (2001) found that enhanced UV-B radiation
altered the time of flowering in soybean cultivars and
reduce the chlorophyll a and b contents, total leaf area and
total leaf number. Whereas, solar UV exclusion caused an
increase in the Chl a and Chl b content and a decrease in
the ratio of Chl a/b in C; and C,4 plants (Kataria et al.
2013). We have also found higher Chl a/b in plants
emerged from UT seeds under ambient UV stress (OC and
FC) and lower Chl a/b under exclusion of UV and SMF
treatment in plants grown under ambient UV stress as well
as under UV exclusion filters. MF increased the chloro-
phyll and protein content in onion (Novitsky et al. 2001).

Previous studies have identified photosynthetic mecha-
nism as an important target for supplemental and ambient
UV-B stress (Keiller et al. 2003; Shine and Guruprasad
2012; Kataria et al. 2013, 2017b). Under UV-B stress,
photosystem II is the most susceptible site in chloroplast
which affects crop productivity (Kataria et al. 2014a). The
changes in chlorophyll fluorescence have been widely used
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Fig. 10 Effect of SMF pre-treatment on MDA (a) and proline
(b) content in the third trifoliate leaves at 45 days after emergence of
the soybean seedlings grown under different treatments. The vertical
bar indicates = SE for mean. OC = ambient control, FC = filter
control, —UV-B = exclusion of solar UV-B and -UV-A + B = ex-
clusion of solar UV-A and B both

to detect the stress response in the photosynthetic apparatus
of the plants (Kalaji et al. 2016; Rastogi et al. 2019a, b).
The changes in chlorophyll fluorescence were considered
as a vulnerable common biomarker to UV stress (Cordi
et al. 1997). The changes in transient fluorescence curve
(OJIP) (Fig. 4) reflected damage to photosynthetic appa-
ratus and its kinetics in the leaves of plants emerged from
SMF treated and untreated seeds under ambient UV stress
as well as UV exclusion filter. At I-P phases, the fluores-
cence yield was significantly higher in the SMF treated
plants compared to untreated plants under OC/FC condi-
tions. On the other hand, solar UV exclusion also increased
the I-P phase. The O-J phase contains information on
antenna size and connectivity between PSII reaction cen-
ters. The changes in J-I phase indicated the reduction of
the secondary electron acceptor Qg, plastoquinone (PQ),
cytochrome (Cyt b6f), and plastocyanin (PC). The increase
in chlorophyll fluorescence specifically in the I-P phase of
the OJIP curve is characteristically recognized to the
reduction of electron transporters (ferredoxin, intermediary
acceptors, and NADP) of the PS I acceptor side (Kalaji
et al. 2016). In the present study, under ambient UV-B
stress (OC/FC) conditions, the reduction in maximum
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chlorophyll fluorescence (Fm) was observed in the leaves
of soybean plants emerged from UT seeds indicating a
decrease in the amount PS II reaction centers which are
able to reduce Q4. Our results indicated that quantum yield
of electron transport and RC/CSm were increased by the
exclusion of ambient UV irradiation and SMF treatment as
compared to the plants emerged from UT seeds under OC/
FC. Previously, UV-B exclusion has been shown to posi-
tively impact different fluorescence parameters in cotton,
wheat, soybean, maize, amaranthus, and sorghum (Shine
and Guruprasad 2012; Kataria et al. 2013; Kataria and
Guruprasad 2014, 2015) and also after magnetopriming in
soybean plants (Shine et al. 2011).

A phenomenological leaf model was generated through
Biolyzer HP 3 software (Fig. 6). The model represents
more active reaction centers per unit area of the leaf after
the treatment of seeds with SMF under exclusion of UV-B
and UV-A + B. SMF (200 mT for 1 h) treated plants
under ambient UV stress (OC/FC) and UV-B and UV-
A + B excluded plants of UT seeds showed higher

efficiency of electron transport (ETo/Csm), indicated by a
broader thickness of the arrow in the leaf model (Fig. 6).
The obtained results are in agreement with previous studies
of the phenomenological leaf models after solar UV
exclusion studies on wheat, cotton, amaranthus, and sor-
ghum (Kataria et al. 2013; Kataria and Guruprasad 2015)
and also after magnetopriming in soybean plants (Shine
et al. 2011; Kataria and Jain 2018).

In this study, the activities of enzymes related to carbon
and nitrogen metabolism such as CA in the leaves and
NRA in root nodules were significantly enhanced by SMF
treatment under ambient UV stress conditions (OC/FC) as
compared to their UT ones (Fig. 7). The increase in the
NRA activity by SMF pretreatment in the root nodules of
soybean was observed under non-stress as well as in salt
stress conditions (Kataria et al. 2019). Solar UV exclusion
also caused enhancement in NRA activity in root nodules
of soybean and trigonella (Singh 2012; Sharma and Gur-
uprasad 2012) and CA activity in amaranthus (Kataria and
Guruprasad 2014). Enhanced UV-B and solar UV-B caused
reduction in the activities of enzymes involved in CO,
assimilation like carbonic anhydrase and Rubisco and
nitrogen fixation by NRA in several plant species
(Takeuchi et al. 2002; Xu et al. 2008; Sharma and Gur-
uprasad 2012; Kataria et al. 2013; Kataria and Guruprasad
2014, 2015). The data of the present study suggested that
the linear flow of electron beyond PS II may be increased
by SMF pre-treatment and exclusion of UV radiation as it
is apparent by the Chl a fluorescence data, which leads to
greater proportion of electrons available for the Calvin
cycle.

The impact of UV-B radiations on plants includes an
alteration in structural molecules (such as DNA, RNA,
proteins), increase in ROS generation, inhibition of phys-
iological processes as N, fixation, and photosynthesis
(Santos et al. 1993; Rastogi and Pospisil 2013; Chudobova
et al. 2015; Kurth et al. 2015). UV-B can induce the for-
mation of oxidative compounds that is highly reactive and
can cause DNA damage indirectly. UV-A has no direct
effect on DNA because it is not absorbed by DNA. Reac-
tive oxygen species accumulation like in present study O,
radical content was more in OC/FC conditions which may
cause damage to biomolecules like DNA, RNA, and pro-
tein which altered the metabolic processes in the soybean
plants. UV-B inactivates different proteins and enzymes
due to the photolysis of aromatic amino acids (Peykarestan
et al. 2012). Also, UV-B can cause protein damage by
impairing RNA. But the total soluble protein content in the
leaves of several plant species increased in UV exclusion
studies (Kataria et al. 2014a, b; Chen et al. 2019). These
studies indicated that solar UV exclusion enhanced dif-
ferent growth and physiological parameters (Kataria et al.
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2013; Chen et al. 2019). In contrast to UV-B, MFs have
been stimulating effect on DNA, RNA, and protein syn-
thesis (Goodman et al. 1995; Kataria and Jain 2018). An
increase in DNA synthesis by MFs intensities of 1700G
and 3600G has been found to increase in cells in Tunica
zone of roots (Majd and Farzpourmachiani 2013). The
metabolic changes after MF pre-treatment involved the
protein biosynthesis from mRNA, gene transcription and
cellular repairs (Racuciu et al. 2008; Shabrangi and Majd
2009). Piacentini et al. (2001) observed that the protein
values were higher in MF-exposed cucumber seedlings as
compared with the controls. In accordance with these
studies, in the present study we have also found that SMF
pre-treatment enhanced the DNA, RNA and protein content
and reduced the amount of superoxide radical in leaves of
soybean even in the presence of ambient UV-B stress (OC/
FC) conditions.

Nitric oxide (NO) is known to enhance the plant’s
growth and development under several abiotic stress con-
ditions such as UV-B radiation. Several of the previous
studies has established NO as a crucial supporting factor
for plants under UV-B stress. NO may act in two different
ways first by its interaction with ROS and transition metals
and also secondary through the generation of reactive
nitrogen species (RNS) (Tossi et al. 2011). As a signaling
molecule, NO is known to exhibit an important role in a
plant developmental process. The protective role of NO in
plants is based on lowering the levels of ROS and in such
way regulating its toxicity (Hu et al. 2016). Interestingly, in
our experiments with soybean a significant increase in NO
was observed after SMF pre-treatment under UV-B stress
(OC/FC) conditions as compared to their untreated ones.
Previously it has been reported that an external application
of SNP defends the Larix gmelinii seedlings and increased
their tolerance to ultraviolet-B radiation (Hu et al. 2016). In
the present study, first time, we have reported the increase
in the DNA, RNA and NO content along with decrease in
the O, , proline and MDA content in soybean seedlings
grown after SMF pre-treatment in the presence of ambient
UV-B stress.

An elevated level of MDA contents is a typical sign for
lipid peroxidation and it has been reported that thylakoid
membranes with abundant unsaturated fatty acids can be
peroxidized by stress-related ROS (Pospisil 2016). High
doses of UV-B can cause membrane peroxidation through
the development of reactive oxygen species (ROS) in
plants (Kohler et al. 2017). During environmental stresses,
plants modify their metabolism in various ways including
the production of osmoregulatory compounds, such as
proline (Ma et al. 2016). The accumulation of proline is
one of the most important non-enzymatic defense systems,
in plants, which protects the plant against ROS. We have
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also found a higher level of proline and MDA under
ambient UV-B stress (OC/FC) whereas these metabolites
were lower after solar UV exclusion and SMF pre-treat-
ment. Solar UV exclusion was previously observed to
enhance the soluble protein content but decrease the pro-
line and MDA content in Prunella vulgaris (Chen et al.
2019). Under cadmium stress, MF (600 mT) decreased the
malondialdehyde, H,O,, and 0'27 content and the conduc-
tivity of electrolyte leakage, though the NO content and
activity of nitric oxide synthase were increased in mung
bean seedlings (Chen et al. 2011). These authors suggested
that MF mitigated the toxicological effects of cadmium
and are related to NO signal (Chen et al. 2011). Similarly,
Azimian and Roshandel (2015) also found that MF treat-
ment (200 mT for 20 min) increased the dry weight, radi-
cal-scavenging activity and decreased the lipid
peroxidation (MDA content) in Artemisia sieberi under salt
stress.

The accumulation of proline in a plant is a typical
response to environmental stresses (Anjum 2008). It has
been reported that higher proline content may be due to
increased proteolysis or a decrease in protein synthesis.
Overall, our results indicated that the plants grown from
SMF pre-treated seeds and under solar UV exclusion filters
are better protected against oxidative damage caused by
ambient UV-B stress. Mahdavian et al. (2008) found that
increased proline synthesis reduced the UV-B and UV-C
induced damage by the elimination of excess H' and
promoted the peroxidation processes. The data of our
results of SMF pre-treatment under ambient UV-B stress
and solar UV exclusion indicated the elimination of
oxidative damage caused by ambient UV-B stress and
altered metabolism of plants which results in the improved
harvested yield of soybean. Similarly, the yield of soybean
was enhanced by SMF pre-treatment under salt, drought
and ambient UV stress (Kataria et al. 2014b, 2017a, 2019;
Baghel et al. 2018) and by solar UV exclusion also (Ba-
roniya et al. 2011).

Thus, SMF pre-sowing treatment altered the metabolism
of soybean plants and improved the tolerance towards the
ambient UV stress. Similarly, the absence of solar UV
components removes UV stress and reduces the defense
which eventually enhances the growth, photosynthetic
efficiency, and yield of soybean. The enhancement in the
crop yield by SMF and solar UV exclusion was due to the
better leaf growth, leaf biomass and efficiency of PS II (J-I-
P parameters), carbon and nitrogen fixation, higher DNA,
RNA and protein content in the soybean plants in com-
parison to untreated ones grown under ambient UV-B
stress (OC/FC) conditions. Our results revealed that SMF-
pretreatment enhanced the tolerance of soybean seedlings
to ambient UV-B stress (OC/FC) as compared to the
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untreated ones. Using SMF-treatment could be a promising
technique for agricultural improvements under abiotic
stresses, although extensive research is required at the field
level.
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