3 Biotech (2018) 8:66
https://doi.org/10.1007/5s13205-018-1087-4

ORIGINAL ARTICLE

@ CrossMark

Protective role of selenium against chromium stress involving
metabolites and essential elements in Brassica juncea L. seedlings

Neha Handa' - Sukhmeen Kaur Kohli' - Ashwani Kumar Thukral' - Renu Bhardwaj' - Mohammed N. Alyemeni? -
Leonard Wijaya? - Parvaiz Ahmad?3

Received: 28 June 2017 / Accepted: 4 January 2018 / Published online: 12 January 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

The present study aimed at the potential role of selenium in providing protection to plants subjected to chromium toxicity.
The study was carried out on 15-day-old seedlings of Brassica juncea raised in the solutions of Cr (300 uM) and Se (2, 4
and 6 uM), both alone and in combinations under controlled laboratory environment. The effects were studied on growth,
plant metabolites (involved in osmotic homeostasis and stress protection), and essential elements. The results showed that the
exposure of B. juncea seedlings to 300 uM Cr led to an increase in the contents of total sugars, reducing sugars, non-reducing
sugars, total phenols and flavonoids. However, a significant decline in growth characteristics, the contents of proteins and free
amino acids was observed. The essential elements (Na, K, Ca, Mg, C, H, N) also decreased in response to Cr. Se application in
binary combinations, on the other hand, aided in improving seed germination (19%), root (88.3%) and shoot (18.2%) lengths.
It also helped to increase the contents of sugars [total (16.3%), reducing (21.6%) and non-reducing (15.2%)], phenols (36.7%)
and flavonoids (27.4%), thereby aiding in alleviating the phytotoxicity of Cr. The profiling of polyphenols and amino acids,
and histological study of phenols supported the above results. The contents of essential elements also showed a significant
increase, while Cr uptake was observed to decline by Se supplementation. The observations from the present study indicate
that Se has the ability to influence primary and secondary metabolism, improve mineral nutrition and reduce Cr uptake in
B. juncea seedlings to combat the Cr phytotoxicity and enhance the tolerance against stress.
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Introduction

Selenium (Se), belonging to chalcogen group of elements,
has a strong physico-chemical resemblance with sulphur (S).
This property of Se gives it a capability to be taken up by
the plants and substitute S in the biomolecules. The impor-
tance of Se pertaining to its benefits as an essential nutrient
came to light with the studies carried out by Schwarz and
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Foltz (1957). Since then, a wide array of work has proved
its imperative role in improving plant and animal health. In
plants, Se at low concentrations has been frequently reported
to be beneficial in their growth and development (Malik
et al. 2011; Hawrylak-Nowak 2013). Apart from growth, Se
is also known to promote seed germination (Han et al. 2010;
Pukacka et al. 2011), enhance yield (Soleimanzadeh 2012;
Teimouri et al. 2014), delay senescence (Moussa and Ahmed
2010; Pezzarossaa et al. 2014), improve photosynthetic
efficiency (Yao et al. 2011; Diao et al.2014) and increase
accumulation of metabolites (Bansal et al. 2012; Owusu-
Sekyere et al. 2013). Such an activity is attributed to its abil-
ity to strengthen antioxidative potential and decrease lipid
peroxidation (Hajiboland and Keivanfar 2012; Handa et al.
2017; Alyemeni et al. 2017). Lately, the role of Se against
the damaging effects of various biotic and abiotic stresses
on plants has also garnered interest. Studies conducted on
plants subjected to drought, salinity, high temperatures,
UV-B radiations and heavy metals suggest its significance
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in counteracting the stressful conditions and improving the
plant growth.

Exposure of plants to several abiotic stresses is unavoid-
able due to their sedentary nature (Ahmad et al. 2012).
Environmental pollution caused by heavy metals, in recent
years, is on the rise due to increased industrialization and
other anthropogenic activities. The excessive use of fertiliz-
ers and pesticides has also led to the entry of heavy metals
in the soil (Belouchrani et al. 2016). The presence of heavy
metals in soils and waters has led to their accumulation in
plants, and further making entry into the food chain (Demim
et al. 2013b). These bioaccumulating metals further lead to
health hazards in plant, animal and human life due to several
biochemical and physiological changes (Sharma et al. 2010;
Demim et al. 2013a, 2014; Kanwar et al. 2015). Chromium
(Cr) is a non-essential heavy metal for living systems which
is considered to be one of the most toxic elements that has
detrimental effects on both plants and animals. In nature, it
exists in various oxidation states ranging from Cr(—II) to
Cr(+VI). Out of these, Cr(IIT) and Cr(VI) are the most stable
forms that are easily taken up by plants. Cr(VI) is considered
to be the most toxic and is placed in Group A carcinogens
(USEPA 1999). The release of Cr(VI) to the environment
occurs mainly through industries like leather, cement, paints
and pigments, pulp and paper, electroplating, timber pro-
cessing and finishing (Zayed and Terry 2003; Singh et al.
2013; Cheballah et al. 2015). Several earlier studies con-
ducted on plants like Triticum aestivum, Oryza sativa and
Brassica juncea have demonstrated the adverse effects of Cr
on plants (Datta et al. 2011; Nagarajan and Ganesh 2014;
Handa et al. 2017). In plants, Cr(VI) can produce various
toxicity symptoms that can cause complete damage. The
exposure of plants to Cr(VI) can result in over-production
of reactive oxygen species (ROS) which further leads to oxi-
dative damage (Panda and Patra 2000; Ali et al. 2013). The
plants exposed to high levels of Cr(VI) show symptoms of
acute chlorosis and necrosis along with many morphological
and anatomical defects (Samantaray et al. 1998).

Brassica juncea L. is a major oil yielding crop grown
mostly in northern parts of India. It is a fast growing plant
which yields a good biomass. Also, out of the various mem-
bers of the family Brassicaceae, B. juncea has been classified
as a primary accumulator of Se (Hasanuzzaman et al. 2010).
Therefore, B. juncea can be used as a model plant to study
the effects of Se and Cr in unary and binary combinations.
The present investigation was intended to understand the
probable role of Se in alleviating Cr stress in B. juncea by
assessing growth and biochemical parameters. To test this,
the effects were observed on sugars, which are not only pri-
mary metabolites, but also act as osmoregulators. The vari-
ations in phenols and flavonoids were also tested as they are
not only important constituents of secondary metabolism,
but also participate in metal chelation and ROS scavenging.
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Thirdly, the effect on those mineral nutrients was studied
which are either involved in various biochemical processes
or are components of various biomolecules.

Methodology
Study material, treatments and growth conditions

Certified seeds of B. juncea (var. RLC 1) were procured
from Punjab Agricultural University, Ludhiana, India, which
served as the experimental material for the present study.
The seeds were surface sterilized with 0.01% HgCl, and
washed with distilled water several times. The sterilized
seeds were then soaked in distilled water for 2 h and then
germinated in autoclaved Petri dishes lined with Whatman
No. 1 filter paper. The solutions containing Se(VI) in the
form of Na,SeO, (2, 4 and 6 pM) and Cr(VI) in the form of
K,CrO, (300 pM) were prepared in half-strength Hoagland’s
nutrient medium, either alone or in combination, and poured
in Petri dishes. Preliminary trials were conducted to select
the 50% inhibitory concentration of Cr (IC50), and most
stimulatory concentrations of Se for B. juncea. For first 72 h,
the Petri dishes were covered to allow germination, and
then 16 h of light (175 pmol m~2 s~! intensity) and 8 h of
darkness were provided. A temperature of 25 + 0.5 °C was
maintained inside the seed germinator and seedlings were
harvested after 15 days for analysis. The treatments were
given in triplicates and the experiment was conducted thrice.

Growth characteristics

Percentage germination was estimated by counting the num-
ber of germinated seeds. The root and shoot lengths of the
15-day-old seedlings were also recorded.

Total sugars

The method described by Hedge and Hofreiter (1962) was
used to estimate the content of total sugars in the seedlings
of B. juncea. The dried seedlings (100 mg) were powdered
and hydrolysed in 2.5 N HCl in water bath for 3 h at 100 °C.
The mixture was cooled and Na,CO; was added until no
effervescence occurred. Distilled water was added to this
reaction mixture and the final volume was made up to
100 mL. Anthrone reagent (4 mL), freshly prepared from
200 mg anthrone and 100 mL 95% H,SO,, was added to 1 ml
aliquot of the above reaction mixture, boiled for 8 min and
then cooled. The absorbance was noted at 630 nm and the
content was calculated by a standard curve obtained from
glucose.
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Reducing sugars and non-reducing sugars

The estimation of reducing sugars was done using the
method proposed by Miller (1972). Five mL of 80% ethanol
and 3 mL 3,5-dinitrosalicylic acid were added to 100 mg of
dried seedlings and the reaction mixture was boiled. This
was followed by adding 40% potassium sodium tartrate and
the absorbance of the cooled reaction mixture was observed
at 510 nm. Glucose was used to obtain a standard curve to
calculate reducing sugars. For the estimation of non-reduc-
ing sugars, the following formula given by Loomis and Shull
(1937) was used:

Non - reducing sugars = (total sugars — reducing sugars) X 0.95

Protein content

The method by Lowry et al. (1951) was used to determine
the content of proteins in 15-day-old seedlings of B. juncea
and calculations were made from a standard curve obtained
using bovine serum albumin as a standard.

Flavonoids

The method given by Zhishen et al. (1999) was used to esti-
mate the content of flavonoids. The plant sample (100 mg)
was extracted with 4 mL absolute methanol and then filtered
to obtain the extract, and 1 mL of this extract was diluted
with 4 mL distilled water. To this, 5% NaNO, and 10% AICl,
were added and incubated for 5 min. To this reaction mix-
ture, 4% NaOH (2 mL) and 2.4 mL of distilled water were
added and the absorbance was measured at 510 nm. Rutin
was used as a standard to estimate flavonoid content.

Total phenols

The content of total phenols was estimated by following the
protocol proposed by Singleton and Rossi (1965). To 400 mg
of dried seedlings of B. juncea, 40 mL of 60% ethanol was
added and heated for 10 min. After filtering the extract, the
residue was re-extracted and the filtrates were combined.
The volume of the filtrate was made up to 100 mL by add-
ing more 60% ethanol. An aliquot of 2 mL of filtrate was
taken and 10 mL of Folin—Ciocalteau reagent was added to
it followed by the addition of Na,CO; after 8 min. After 2 h
of incubation, the absorbance was read at 765 nm. Gallic
acid was used as a standard to calculate the content of total
phenols.

Free amino acids
Free amino acids were assayed by the protocol given by Lee

and Takahashi (1966). The plant extract was prepared by
extracting 100 mg dried seedling samples with 80% ethanol.

To 0.2 mL extract, 3.8 mL of 1% ninhydrin reagent was
added that was prepared in 0.5 M citrate buffer (pH 5.5).
It was followed by heating of reaction mixture for 12 min
in boiling water bath, and blue colour was developed when
it was cooled to room temperature. The absorbance was
recorded at 570 nm. For computing the content of free amino
acids, standard solution of glycine was used.

Polyphenol profiling

The profiling of polyphenols was carried out on fresh
15-day-old seedlings of B. juncea in ultra-performance
liquid chromatography (UPLC). The methanolic extracts
of B. juncea seedlings were used and analysed in Shi-
madzu UPLC Nexera System. The UPLC had C-18 column
(150 x 4.6 mm) with pore size of 5 um and flow rate of
1 mL min~! at 280 nm. It was coupled with a photodiode
array detector. The standards used for calibration and quan-
titative analysis were gallic acid, catechin, chlorogenic acid,
epicatechin, caffeic acid, umbelliferone, coumaric acid,
rutin, ellagic acid, quercetin and kaempferol which were
procured from Sigma Aldrich.

Amino acid profiling

Moore and Stein’s (1963) method, with some modifications,
was used for the profiling of amino acids in Amino Acid
Analysis System (Shimadzu). The methanolic extracts of
B. juncea seedlings were hydrolysed by adding 6 N HCI
and kept at 110 °C in oven for 24 h. The hydrolysed sam-
ples were mixed with 0.12 M citrate buffer. To 0.3 mL
of the sample, 0.7 mL of 0.1 N HCI was added. This was
finally injected in amino acid analyser having C18G column
(150 x 4.6 mm) with pore size of 120 A and flow rate of
1 mL min~" at 245 nm.

Histological study of phenols

The phenols were also localized in the roots of 15-day-old B.
Jjuncea seedlings using the method given by Gahan (1984).
The dye used for tagging the phenols was fast blue BB that
was prepared in acetate buffer and the roots were viewed
under light microscope (Magnus MLXi).

Elemental analysis

The dried seedling samples were digested by following the
method proposed by Allen et al. (1976) and were used to
estimate Na, K and Cr uptake using atomic absorption spec-
trophotometer (AA240 FS, Agilent Technologies). The con-
tents of Ca and Mg were determined using EDTA titration
method by Allen et al. (1976). The contents of C, H, N and
S were also analysed using CHNS/O Analyser (Flash 2000,
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Thermo Scientific). The weighed dried samples were used
to estimate the percentage of the elements.

Statistical analysis

The data obtained were first subjected to Shapiro—Wilk
Normality Test (Shapiro and Wilk 1965), and then analysed
statistically using one-way analysis of variance (ANOVA)
and Tukey’s HSD (honestly significant difference). The lin-
ear multiple regression analysis was applied to understand
the interaction between the two elements (Sokal and Rholf
1981; Bailey 1995). The model used for multiple regression
for binary combination was:

Y=a+bX, +b,X,

where Y is the parameter under study, X, and X, are the
two elements in binary combinations, b, and b, are the par-
tial regression coefficients due to the effects of X; and X,
respectively, and 3, and f3, are the f-regression coefficients
due to X, and X,, respectively.

The statistical analysis was done using self-coded pro-
grams in Microsoft Excel.

Results
Growth characteristics

Exposure to Cr led to a lower seed germination percentage
(19.2%), root lengths (56.3%) and shoot lengths (10.9%) as
compared to the untreated controls. However, Se at 4 uM
concentration in binary combination with Cr resulted in a
significant increase of 19% in seed germination, 88.3% in
root length and 18.2% in shoot length, when compared to
only Cr-treated seedlings. The f-regression coefficients for
Cr were negative for all the three parameters, which con-
firmed its growth inhibiting effects. For Se, the coefficients
were positive which signified its growth promoting effects
(Table 1).

Total sugars, reducing sugars and non-reducing
sugars

As compared to the control seedlings, those grown in Cr
containing media showed 18.6% increase in the content of
total sugars, 26% in reducing sugars, and 16.4% in non-
reducing sugars (Table 2). However, when Se was sup-
plemented with Cr, further increase in the contents was
observed as compared to the seedlings treated only with
Cr. The Se application of 4 pM in binary combination
with Cr resulted in further enhancement in the contents

Table 1 Changes in the growth characteristics of 15-day-old B. juncea seedlings subjected to binary combinations of Cr and Se

Concentrations (UM) Percentage germination Root length (cm) Shoot length (cm)
Cr Se

0 0 86.67 + 2.875% 11.52 + 1.207* 4.74 £ 0.181°
0 2 88.33 + 2.875% 10.93 + 0.599* 4.88 +0.23°

0 4 95.0 + 4.988° 11.88 + 0.279* 5.39 + 0.165*
0 6 90.0 + 4.988% 11.17 + 0.336* 4.84 +0.09°
300 0 70.0 + 4.988¢ 5.03 + 0.686° 422 +0.211°
300 2 78.33 + 2.875% 9.27 + 0.604° 4.56 + 0.068™
300 4 83.3 + 7.621% 9.47 + 0.296° 4.99 + 0.165%
300 6 81.66 + 2.875% 8.73 + 0.227° 4.78 + 0.062°
F ratio 7 1) 8.571%x* 39.866%* 13.456%%
HSD 12.912 1.058 0.449
Multiple regression analysis

Parameters (Y) Multiple regression equations r B B

Percentage germination Y =85.75 - 0.0389 X, + 1.4167 X, 0.817" -0.718 0.390

Root length Y =10.538 — 0.0109 X, + 0.2802 X, 0.814™ —0.759 0.292

Shoot length Y =4.744 — 0.0011 X, + 0.0732 X, 0.679™ —0.479 0.481

Data presented in mean + SD of three replicates. Means followed by the same letter are not significantly different using Tukey’s HSD test

uM micromole, cm centimetre, X; uM Cr, X, uM Se, r correlation coefficient, f5; f-regression coefficient for Cr, 3, p-regression coefficient for Se

Significant at ***p < 0.001, **p < 0.01, *p < 0.05
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Table 2 Changes in the contents of total sugars, reducing sugars, non-reducing sugars, proteins, flavonoids, total phenols and free amino acids in
15-day-old B. juncea seedlings under the influence of Cr and Se

Concentrations Total sugars Reduc- Non-reducing Proteins (mg g~!  Flavonoids Total phenols Free amino
(WMD) (ngmg™' DW)  ing sugars sugars (ugmg~' FW) (ng mg™' (mgg™' DW)  acids (ug g™’
(ug mg~'DW) DW) DW) DW)
Cr Se
0 0 112.14+1.928% 17.82+0.443° 90.18 +0.882¢  3.76 + 0.078"*  1.15+0.085¢ 12.86+0.385¢ 6.12 +0.319*
0 2 11773+ 1.237Y 188 +0.563% 9398 +1.019¢  3.92 +0.041* 123 +0.147¢ 1529 + 0.346"  6.47 + 0.435°
0 4 108.64 +5.182° 17.65+0.511° 86.43 +4.723¢  3.66 +0.103"* 121 £0.066° 17.77 £0.331°  6.60 + 0.416*
0 6 114.5+2835% 1974 +0.5549 90.02 +2.983¢  3.64 +0.085*  1.71 £0.092° 17.55+0.312°  3.97 +0.525"
300 0 133.02+0.275 22.53+0.376° 104.97 +2.549° 3.03 +0.166° 2.47 +0.180° 20.64 +0.258¢ 237 +0.319¢
300 2 14339 +3.642° 2453 +0466° 11291 +3.139° 3.42+0.095% 296 +0.139* 22.07 +0.400°  3.76 + 0.731°
300 4 1547 +£3.596°  27.4+0405%  120.93 +2.986° 3.56 +0.089°¢ 315+ 0215 24.76 +0.365°  5.84 +0.319*
300 6 14473 +1.739° 2499 +0.513° 113.76 + 1.528®® 331 +£0.061°¢  2.57 +£0.097° 28.23 +0.385¢  6.19 + 0.551%
F-ratio 7 1) 96.579%* 168.88%* 68.636%* 25.377%% 109.3% 567.08%* 33.56%*
HSD 8.771 1.394 7.787 0.272 0.388 1.034 1.334
Multiple regression analysis
Parameters (Y) Multiple regression equations r B B
Total sugars Y=109.92 +0.102 X, + 1.111 X, 0.934" 0.922 0.149
Reducing sugars Y=17.388 +0.0212 X, + 0.372 X, 0.944"" 0.913 0.238
Non-reducing sugars Y =88.177 + 0.0766 X, + 0.659 X, 0.926"" 0.918 0.118
Proteins Y=3.717 — 0.0014 X, + 0.0091 X, 0.767"" -0.763 0.074
Flavonoids Y=1.161 + 0.0049 X, + 0.0543 X, 0.949"" 0.936 0.155
Total phenols Y=12.738 + 0.0267 X, + 1.043 X, 0.983" 0.849 0.495
Free amino acids Y =5.247-0.0042 X, +0.181 X, 0.488" —0.409 0.264

Data presented in mean + SD of three replicates. Means followed by the same letter are not significantly different using Tukey’s HSD test

uM micromole, ug microgram, mg milligram, g gram, DW dry weight, FW fresh weight, X; uM Cr, X, uM Se, r correlation coefficient, f;

P-regression coefficient for Cr, 3, f-regression coefficient for Se
Significant at ***p < 0.001, **p < 0.01, *p < 0.05

of total sugars by 16.3%, reducing sugars by 21.6% and
non-reducing sugars by 15.2%. Multiple linear regression
and f-regression coefficients showed positive effects of Cr
and Se on total sugar, reducing and non-reducing sugars
(Table 2).

Protein content

The Cr application showed a significant negative effect
on the content of proteins in 15-day-old B. juncea seed-
lings. When compared to the untreated control seedlings,
a decrease of 19.4% was observed with Cr metal treatment.
Se aided in reducing the damaging effect of Cr. In binary
combination with Cr, the maximum effect was observed at
a concentration of 4 uM Se which helped to increase the
content of proteins by 17.5% followed by 2 pM which caused
an increase of 12.87% when compared to seedlings raised in
only Cr solutions (Table 2). The phytotoxic effect of Cr was
confirmed by a negative value of f-regression coefficient
(Table 2).

Flavonoids

The content of flavonoids was observed to increase in seed-
lings that were grown in solution containing 300 uM Cr.
Se in binary combination with Cr caused a further increase
in its content by 27.4% at 4 uM concentration followed by
19.8% at 2 uM concentration. The f-regression coefficients
for both Se and Cr were positive (Table 2).

Total phenols and polyphenol profiling

The 15-day-old B. juncea seedlings showed an increased
content of total phenols with Cr application. Se, when
applied alone, also resulted in an enhanced content of phe-
nols. The binary combination of Se with Cr resulted in a
further increase in the content of phenols. The maximum
effect was observed at 6 pM concentration of Se in binary
combination with Cr that resulted in a 36.7% increase in
the content of phenols in the seedlings. The concentration
of 4 uM Se in combination with Cr caused an increase of
19.9% in the content of phenols (Table 2). The f-regression
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coefficients for Se as well as Cr confirmed the positive influ-
ence of both the elements on total phenols (Table 2). The
histological localization of phenols in the roots of B. juncea
also confirmed the above results (Fig. 1). The characteriza-
tion of polyphenols by UPLC in the 15-day-old seedlings
of B. juncea revealed the presence of gallic acid, catechin,
chlorogenic acid, caffeic acid, rutin, ellagic acid, tert-butyl
hydroquinone, quercetin and kaempferol (Table 3, Fig. 2).
The chromatograms showed the presence of catechin and
rutin in all eight methanolic extracts of B. juncea. Caffeic
acid, tert-butyl hydroquinone and quercetin were present in
all extracts except for extracts made from seedlings grown
in binary treatments of 300 uM Cr with 4 uM Se and 6 uM

Fig. 1 Effect of binary combi-
nations of Se and Cr on locali-
zation of phenols in the roots of
15-day-old B. juncea seedlings.
a Control, b 6 uM Se, ¢ 300 uM
Cr, d 300 uM Cr and 6 uM Se

Se, respectively. Kaempferol and gallic acid were found in
extracts prepared from seedlings treated with 300 uM Cr
alone, and Cr in binary combination with 2 uM Se, respec-
tively. The presence of ellagic acid was seen in four samples
viz. extracts prepared from seedlings treated with 2 uM Se,
4 uM Se and binary combinations of Cr with 4 uM Se and
6 uM Se. Chlorogenic acid was present only in seedlings
raised either in 300 pM Cr alone, or in combination with Se.

Free amino acids and amino acid profiling

A significant decline in amino acid content was observed
in the seedlings raised in Cr containing solutions. The

a b
.\-’.f
.
r\
L7y ;
r- ‘ y
A i
c d
Table 3 Changes in the contents Concentrations (uM)
of various polyphenols under
the influence of Cr and Se in Cr 0 0 0 0 300 300 300 300
15-day-old B. juncea seedlings Se 0 5 4 6 0 2 4 6
Polyphenols (ug g~ FW)
Gallic acid - - - - - 4.72 - -
Catechin 19.81 24.78 13.98 14.22 20.98 24.51 54.66  288.2
Chlorogenic acid - - - - 3.79 3.69 3.004 3.48
Caffeic acid 1.78 1.44 2.60 343 291 2.18 - -
Rutin 12.82  26.11 13.68 22.24 26.65 22.79 30.35 30.08
Ellagic acid - 0452  0.700 - - - 11.19 429
Tert-butyl hydroquinone 2.56 24.09 25.35 2.92 2.02 1.22 - -
Quercetin 1.42 4.93 43.11 57.04 1.11 1.15 - -
Kaempferol - - - - 5272 - - -
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Fig.2 Chromatograms of polyphenols showing effect of binary combinations of Se and Cr in 15-day-old seedlings of B. juncea. a Control, b
2 uM Se, ¢4 uM Se, d 6 uM Se, e 300 uM Cer, f 300 uM Cr and 2 uM Se, g 300 uM Crand 4 pM Se, h 300 uM Cr and 6 uM Se

Cr application caused a decrease of 61.3% in the content
when compared to the control seedlings. The Se applica-
tion in combination with Cr helped to enhance the free
amino acid content and the maximum effect was observed
at 6 uM concentration subsequently followed by 4 uM Se
(Table 2). The damaging effects of Cr, and stress ame-
liorative properties of Se were also verified by regres-
sion analysis. In linear model of multiple regression, the

p-regression coefficient for Cr was negative while for Se,
it was positive (Table 2).

Amino acid profiling showed the presence of various
amino acids and their quantities in the extracts of different
B. juncea samples (Table 4, Fig. 3). Some amino acids were
detected in all the samples of B. juncea seedling extracts.
In the samples prepared from the seedlings raised in Cr
solutions, the contents of glutamic acid, serine, glutamine,
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Table 4 Changes in the contents

Rk k . Treatments Concentrations (UM)

of various amino acids under

the influence of Cr and Se in Cr 0 0 0 0 300 300 300 300

15-day-old B. juncea seedlings Se 0 2 4 6 0 ) 4 6

Amino acids (ug g~! FW)

Aspartic acid - 12.41 - - - - 13.14 -
Glutamic acid 63.88 67.12 34.40 40.52 47.19 43.17 47.53 34.20
Serine 17.38 14.57 5.97 6.45 10.44 48.83 20.64 18.67
Glutamine 98.89 98.31 84.59 78.83 80.65 236.1 94.0 98.51
Histidine - - - - - 39.26 69.31 -
Glycine 9.61 15.02 - - - - - 61.45
Threonine 59.33 47.16 22.38 22.27 45.39 198.1 69.14 -
Citrulline - - 12.48 11.88 11.54 15.21 16.83 11.68
Arginine - - - - - 273.2 285.1 -
B-Alanine 84.63 1144 52.99 47.96 65.56 130.5 134.7 74.56
Alanine - 45.45 - - - - - -
GABA - - - - 4.84 21.53 9.792 8.02
Tyrosine 13.22 11.57 9.60 9.56 8.73 15.53 10.92 10.54
Cystine 17.32 30.09 10.13 7.82 7.74 14.29 20.51 11.43
Methionine 2812.8 2592.9 667.3 415.76 687.9 1285.4 2208.4 1123.8
Isoleucine 98.23 1242 71.18 55.06 57.31 91.51 91.85 81.11
Leucine 45.60 53.91 62.78 62.79 51.95 62.83 91.47 85.81
Ornithine - - - - - 6.59 - -
Lysine 12.87 11.53 - - - 14.95 13.02 9.53
Proline 209.9 279.1 191.6 202.2 275.0 18.57 231.1 188.0

p-alanine, tyrosine, cystine, methionine and isoleucine were
observed to decrease in comparison to the control seedlings.
On the other hand, the extracts of seedlings raised in the
binary combinations of Cr and Se showed an increase in
these amino acid contents as compared to metal-treated
seedlings (Table 4). The contents of leucine and proline,
however, were observed to increase in seedlings cultured in
Cr solution in comparison to untreated seedlings. In binary
combination of the two elements, leucine showed a fur-
ther increase in its content, while proline was observed to
decrease. Threonine was detected in all samples, except in
the samples raised in binary combination of 300 uM Cr and
6 uM Se. With the application of Cr, the seedlings showed a
reduced content of threonine in comparison to control seed-
lings, while the binary combination of Se and Cr caused an
increase in the content of threonine. The presence of citrul-
line was also observed in all the samples except for control
seedlings and seedling raised in 2 uM Se solution. The con-
tent of citrulline decreased in seedlings raised in 300 uM Cr
when compared to Se-treated seedlings, and an increase in
the content was observed in seedlings raised in binary com-
bination of Cr and Se. The presence of gamma-aminobutyric
acid (GABA) was seen only in seedlings grown in medium
containing Cr either alone or in binary combination with Se.
The content of GABA was lowest in seedlings grown only in
Cr solutions but the content enhanced in binary treatments.
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Apart from these amino acids, aspartic acid, histidine, gly-
cine and alanine were also detected in a few samples of B.
Jjuncea seedlings.

Elemental analysis

The Cr uptake was estimated in both roots and shoots of
B. juncea seedlings. Maximum accumulation of Cr was
seen in seedlings grown in medium containing only Cr.
Roots, however, showed higher Cr accumulation as com-
pared to the shoots. The binary combinations of Cr and Se
showed reduced Cr uptake in the seedlings (Table 5). The
p-regression coefficients for Cr in linear model for multiple
regression showed a positive value for both roots and shoots,
while for Se, the values were negative which indicated that
Se aided in reducing Cr uptake (Table 5).

The contents of Na, K, Ca and Mg were studied in the
15-day-old B. juncea seedlings. Significant decline in the
contents of these elements were observed in the seedlings
raised in the media containing Cr. When compared to the
untreated control seedlings, the contents of Na, K, Ca and
Mg declined by 48.8, 68.9, 61.6 and 50.5%, respectively, in
Cr-treated seedlings. Se proved to be beneficial in improv-
ing the content of these elements and, thus, minimising
the effect of Cr on plants. The application of 2 uM Se with
Cr increased the content of Na and K by 86.7 and 68.9%,
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coefficients were negative for Na and K, while for Ca and

Na, K, Ca and Mg were negative. For Se, the -regression
Mg, the f-regression coefficients were positive (Table 6).
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Fig.3 Chromatograms of amino acids showing effect of binary combinations of Se and Cr in 15-day-old seedlings of B. juncea. a Control, b

2 uM Se, ¢4 uM Se, d 6 uM Se, e 300 uM Cer, f 300 uM Cr and 2 uM Se, g 300 uM Cr and 4 uM Se, h 300 uM Cr and 6 pM Se

respectively. Ca and Mg contents, however, showed maxi-
mum increase (139.6 and 93.8%, respectively) at 4 uM
Se in combination with Cr (Table 6). The linear multiple
regression equation and S-regression coefficient for Cr for
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Table 5 Changes in the content of Cr in roots and shoots of 15-day-old B. juncea seedlings subjected to binary combinations of Cr and Se

Concentrations (UM) Roots (mg g’1 DW) Shoots (mg g’1 DW)
Cr Se

0 0 0.0299 + 0.0008° 0.0201 + 0.0005°
300 0 1.55 +£ 0.0031* 0.257 +0.0012*

300 2 1.29 + 0.0081¢ 0.243 + 0.0006°

300 4 1.23 + 0.0025¢ 0.188 + 0.0012¢

300 6 1.34 + 0.004° 0.239 + 0.0012°¢
F-ratio 44 10) 55,238.4%* 31,784.9%*

HSD 0.0119 0.0025

Multiple regression analysis

Parameters (Y) Multiple regression equations r £ B
Cr content in roots Y =0.0299 + 0.0048 X, — 0.035 X, 0.988"" 1.057 -0.150
Cr content in shoots Y =0.0201 + 0.00076 X; — 0.005 X, 0.972" 1.039 -0.146

Data presented in mean + SD of three replicates. Means followed by the same letter are not significantly different using Tukey’s HSD test

#M micromole, mg milligram, g gram, DW dry weight, X; uM Cr, X, uM Se, r correlation coefficient, ; p-regression coefficient for Cr, f,
p-regression coefficient for Se

Significant at ***p < 0.001, **p < 0.01, *p <0.05

Table 6 Changes in the contents of Na, K, Ca, Mg, C, H, N and S in 15-day-old B. juncea seedlings under the influence of Cr and Se

Concentrations (uM)  Sodium (mg g~ Potassium Calcium Magnesium Carbon (%) Hydrogen (%) Nitrogen (%) Sulphur (%)
————— DW) (mgg”'DW)  (mgg'DW)  (mgg' DW)

Cr Se

0 0 1389+0.321° 38.0+0.519° 1563 £31.49°  81.22+9.29*  44.09 £ 0279 595+ 0.168°  5.65+0.093*  0.059 + 0.014¢
0 2 177.03+ 1.557* 37.63 + 1.848*  200.4 +30.06° 97.46 + 6.09°  46.68 + 3.12* 6.01 £0.134* 581 +0.156®  0.081 +0.018¢
0 4 122.8+0.090° 2563 +1.595 2505+ 10.02°  109.6 + 6.09°  43.12+0338*  6.12+0.071*°  6.17 +0.192*  0.131 +0.024
0 6 1032+ 1.172° 17.1+£2252¢ 1569 +20.85° 62.89 + 6.98¢  41.85+0.514°¢ 59240209  5.62+0.169°  0.184 + 0.031¢
300 0 712+130" 11.83 £0.352%  60.1 +10.02°  42.64 +6.09° 3834 + 0.465° 5.11+£0.027° 490 +0.329°  0.264 + 0.087"
300 2 1329+0.666° 1723 +3.647°  113.6 +£20.86°  69.03 +7.04° 3991 +0.587°% 529 +0.065" 528 +0.093° 0374+ 0.013%
300 4 9223+0.850" 127+ 1.058°¢  143.6 + 5.8 77.16 £ 931 4134 +0.591°% 567 +0.371®  5.439 +0.063% 0.505 + 0.92*
300 6  75.6 +0.889¢ 10.7 + 1.609¢ 83.5 + 15.31° 58.88 £3.51% 3924 +0219%  519+0.081° 5232 +0.0399 0.376 +0.041%®
F-1atio 7 16) 3662.3%* 105.45% 28.037+ 28.008% 16.343x 15.945%x 16,372+ 30.716%*

HSD 2.891 5.333 56.881 19.88 3.339 0.494 0.471 0.142

Multiple regression analysis

Parameters (Y) Multiple regression equations R £ P

Sodium Y =149.66 — 0.142 X, — 4.721 X, 0.710" —0.636 - 0316
Potassium Y =35.79 — 0.055 X, — 2.066 X, 0.894" —0.779 —0.437
Calcium Y =179.63 — 0.303 X, + 3.807 X, 0.773" —0.759 0.142
Magnesium Y =286.75 — 0.0862 X, + 0.351 X, 0.619™ -0.619 0.038
Carbon Y =44.401 - 0014 X, - 0.155 X, 0.778™" -0.768 -0.126
Hydrogen Y =5.949 — 0.0023 X, + 0.0158 X, 0.853" —0.848 0.088
Nitrogen Y =5.704 — 0.0019 X, + 0.036 X, 0.798™" -0.771 0.206
Sulphur Y = 0.047 + 0.00089 X, + 0.022 X, 0.913™ 0.855 0.320

Data presented in mean + SD of three replicates. Means followed by the same letter are not significantly different using Tukey’s HSD test

uM micromole, mg milligram, g gram, DW dry weight, % percentage, X; uM Cr, X, uM Se, r correlation coefficient, #; f-regression coefficient
for Cr, p, p-regression coefficient for Se

Significant at ***p < 0.001, **p < 0.01, *p < 0.05
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The percentage of C, H and N in the seedlings of B. jun-
cea also decreased in seedlings grown under Cr supplemen-
tation. Cr caused a decrease of 13.1, 14.1 and 13.2% in the
percentage of C, H and N, while the percentage of S was
observed to enhance under the effect of Cr in B. juncea seed-
lings. Se supplementation caused an improvement in C, H
and N by 7.82, 10.9 and 10.95%, respectively, as compared
to Cr-treated seedlings. The percentage of S was further
enhanced in binary combination of Cr and Se (Table 6). The
damaging effects of Cr on C, H and N were also indicated
by negative p-regression coefficients, while the ameliora-
tive property of Se was supported by positive f-regression
coefficients for C, H and N. For S, however, the f-regression
coefficients for both Cr and Se were positive (Table 6).

Discussion

The study showed significant damaging effects of Cr on
seed germination, root and shoot lengths of B. juncea. Cr
is reported to trigger the activity of proteases which further
cause reduction in germination (Zeid 2001). Also, in the pre-
sent study, the toxic effects of Cr were more significant on
roots than on shoots. Cr can inhibit the cell division and cell
elongation which could the reasons for reduced root lengths
(Singh et al. 2013). Further, the underdeveloped roots are
unable to absorb and translocate adequate amount to water
and mineral nutrients to the shoots, which leads to reduced
shoot growth (Singh et al. 2013). The study is confirmed by
reports on T. aestivum and Glycine max, (Datta et al. 2011;
Amin et al. 2014; Ghani et al. 2015). Various strategies have
been adopted in earlier studies to combat abiotic stresses
(Sharma et al. 2015) but Se application is a novel and recent
approach to encounter metal stress. Se application to B. jun-
cea helped in improving all the growth characteristics. The
ability of Se to trigger carbohydrate metabolism could be the
reason for its growth promoting effects (Malik et al. 2012).
Similar results were also reported in Phaseolus aureus and
T. aetivum (Malik et al. 2012; Teimouri et al. 2014).

The present study showed enhanced contents of total
sugars, reducing sugars and non-reducing sugars when
the B. juncea seedlings were subjected to Cr stress. It
has been hypothesized that heavy metal toxicity might
hinder the metabolic pathway of carbohydrates or it
might play a role in the accumulation of photoassimi-
lates because of reduced loading of veins (Rauser and
Samarakoon 1980). Also, a study conducted on Spinicia
oleracea by Gopal et al. (2009) established that Cr stress
in plants leads to reduced availability of water that fur-
ther causes water stress like conditions due to reduced
water potential. Therefore, water stress induces the accu-
mulation of osmolytes that also include various types of
sugars (Smirnoff 1993). The findings of the study are in

conformity with the previous studies on different plants
subjected to stress by Cr as well as other heavy metals.
Similar results were reported in Azolla caroliniana and
Salvinia minima which showed enhanced contents of
carbohydrates in response to Cr toxicity (Wilson and Al-
Hamdani 1997; Nichols et al. 2000). Another study in S.
minima by Prado et al. (2010) confirmed the accumulation
of sucrose due to toxic effects of Cr. However, Se in the
present study caused an additional increase in the contents
of sugars, non-reducing and reducing sugars. Se-induced
increased activity of amylases was established in rye
grains and these enzymes are responsible for hydrolysis
of starch to simple sugars (Malik et al. 2011). The soluble
sugars start accumulating under stressful conditions and
play an important role in maintaining osmotic homeosta-
sis which further results in maintaining the integrity of
various biomolecules and membranes (Dubey and Singh
1999). Eichhornia crassipes, at low doses of Se, showed
enhanced contents of total carbohydrates and starch
(Mane et al. 2011). Likewise, in P. aureus, exogenous Se
application led to an increase in sucrose, reducing sugars
and starch (Malik et al. 2011). Similarly, Brassica napus
showed an increase in soluble sugars and starch in both
roots and shoots after foliar application of Se (Hajiboland
and Keivanfar 2012). The drought-stressed 7. aestivum
also showed enhanced contents of total soluble sugars
(Nawaz et al. 2015).

In the study, the protein content in the seedlings decreased
in response to Cr application. It has been suggested by Nag
et al. (1981) that reduction in protein content might be due
to reduced nitrogen content which is the precursor for the
synthesis of amino acids. The current work showed a sig-
nificant reduction in free amino acids and nitrogen con-
tents. The study is in conformity with a study conducted
by Datta et al. (2011) on different cultivars of T. aestivum
treated with Cr which showed a dose-dependent decrease
in the protein content. The studies carried out in Raphanus
sativus also suggested lowered protein content and reduced
enzyme activities under metal stress (Sharma et al. 2011).
Also, in two varieties of Catharanthus roseus, a decrease
in the protein content was reported in response to Cr (Rai
et al. 2014). The phytotoxic effects of Cr were, however,
observed to be alleviated by Se application in the present
work. The B. juncea seedlings showed a significant increase
in the contents of proteins, amino acid and nitrogen when
Se was applied along with Cr. The S-metabolism has direct
effect on N-metabolism; therefore, it can be assumed that
Se might have an effect on biosynthesis of amino acids and
proteins (Malagoli et al. 2015). The results of the current
study also show enhanced accumulation of N which might
be the reason for increased amino acid content and conse-
quently enhanced protein content. The results of amino acid
quantification also showed similar results and suggested
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the ameliorative role of Se. Similar observations were also
reported in E. crassipes, Allium sativum, T. aestivum (Mane
et al. 2011; Kapoor et al. 2012; Yao et al. 2012; Nawaz et al.
2015).

The increase in total phenols and flavonoid contents in
response to Cr may be attributed to the fact that phenols have
the ability to form chelates with metals and can also scav-
enge ROS (Brown et al. 1998; Lavid et al. 2001), while fla-
vonoids can form complexes with heavy metals (Brown et al.
1998; Aherne and O’Brien 2000; Soczynska-Kordala et al.
2001; Michalak 2006; Korkina 2007). Therefore, these two
metabolites have ameliorative properties against the heavy
metal stress. The histological study carried out on roots of B.
Jjuncea seedlings also showed an increase in the intensity of
dye in roots treated with Cr. Studies on B. napus and Lactuca
sativa in response to waste water containing heavy metals
(Hassanein et al. 2013), Hypoxis hemerocallidea in response
to Cd and Al (Okem et al. 2015) and Lycopersicon escu-
lentum in response to Cu (Chakraborty et al. 2015) showed
enhanced contents of total phenols and flavonoids. Se appli-
cation, in the present work, led to an additional increase in
the contents of phenols and flavonoids. Se has the ability
to influence N-containing secondary compounds (phenolic
compounds) which have the capacity to scavenge free radi-
cals produced as a result of stress (Malagoli et al. 2015). Se
also affects the synthesis of many amino acids including
phenylalanine which is a precursor of phenolic compounds
(Malagoli et al. 2015). The results are supported by reports
on T. aestivum in which Se application increased phenol
and flavonoid contents in UV-B stressed plants (Yao et al.
2011). Similarly, Cd-stressed Lepidium sativum also showed
increased contents of phenolic compounds when subjected
to Se application (Elguera et al. 2013).

The elemental analysis showed that the content of Cr was
higher in roots than in shoots. Na, K, Ca, Mg, C, H and N
contents in the seedlings decreased with Cr application. It
has been postulated that Cr can reduce the uptake of essen-
tial elements by roots due to the structural similarity leading
to competition in movement and absorbance (Kabata-Pen-
dias and Pendias 2001; Najafian et al. 2012). It has been sug-
gested by Kabata-Pendias and Pendias (2001) that Cr has the
ability to compete with elements such as Ca, Mg, Mn, Fe, K,
P and N that leads to their reduced absorption and uptake.
The decrease of Na and K can also result from an efflux of
these elements due to membrane damage as heavy metals
cause excess lipid peroxidation leading to increased perme-
ability and reduced selectivity of the membranes (Janas et al.
2010). A study on B. napus reported a decreased content
of Ca and K with Cr application (Najafian et al. 2012). In
a study conducted on O. sativa, Cr treatment was reported
to reduce the contents of Ca, Mg, K and N (Nagarajan and
Ganesh 2014). Also, Cr-treated T. aestivum plants showed
enhanced Na content, while decreased contents of K and Ca
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(Ghani et al. 2015). In this study, however, the percentage
of S increased with Cr concentration. This might be because
heavy metals cause an increase in various S containing com-
pounds like metallothionins, phytochelatins and thiols.

In binary combinations, the stress ameliorative effect of
Se was observed as it reduced the Cr uptake but enhanced
the contents of Na, K, Ca, Mg, C, H, N and S. Our earlier
study on Cr-stressed B. juncea showed significant role of Se
in reducing the membrane damage by lowering lipid per-
oxidation, superoxide anion production and H,0O, contents
(Handa et al. 2017). Therefore, lesser membrane damage due
to Se could be the probable reason for accumulation of min-
eral nutrients. The results are supported by studies on Zea
mays and T. aestivum which also showed accumulation of
essential elements in response to Se application (Hawrylak-
Nowak 2008; Zembala et al. 2010).

Conclusion

The study indicates that Se application to the plants at low
doses can enhance their potential to combat Cr stress. The
secondary metabolites like phenols and flavonoids, which
are important antioxidants as well as metal chelators, are
enhanced under the effect of Se to reduce the phytotoxic
effects of Cr. These secondary metabolites scavenge ROS
and also reduce membrane lipid peroxidation. Reduced
membrane damage further aids in accumulation of essential
micronutrients. From the results, it can be concluded that
Se has an important role in maintaining the balance of the
total sugars, reducing and non-reducing sugars which are
involved in the osmotic system of the plants as osmolytes. It
ultimately leads to osmotic homeostasis which supports vari-
ous vital processes of plants. The proteins and amino acids
were severely affected by Cr toxicity, but the ameliorative
properties of Se aided in the recovery of these metabolites.
The application of Se also showed its potential to reduce
the uptake of Cr that results in lowering of oxidative stress.
Se, therefore, through various physiological processes, can
counter damaging effects of Cr and protect the plants from
metal stress. Further studies on mechanisms of Se pertaining
to metal amelioration can provide a better understanding of
stress tolerance strategies in plants.
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