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Abstract

The present study has been conducted to evaluate the impact of silicon (Si) and salicylic acid (SA) in the regulation of Cd-
induced toxicity in maize seedlings. Cadmium (Cd: 100 uM) significantly reduced root and shoot fresh weight and length,
photosynthetic pigments, total soluble protein content and chlorophyll fluorescence parameters. Cadmium decreased root
and shoot length by 23 and 19% and fresh weight by 27 and 24%, respectively when compared to their respective controls.
Similarly, total chlorophyll, carotenoids and total soluble protein were decreased by 21, 18 and 28%, respectively by Cd.
In contrast, the addition of SA (500 uM) and Si (10 uM), and their combination (SA + Si) together with Cd treatment suc-
cessfully ameliorated Cd-induced harmful impacts on studied parameters as SA and Si alone and in combination reduced
Cd accumulation and oxidative stresses and thus refurbish the damages. Cd significantly stimulated activity of superox-
ide dismutase while inhibited activities of ascorbate peroxidase (APX), glutathione reductase (GR) and dehydroascorbate
reductase (DHAR), and declined total ascorbate and glutathione contents. In contrast, the addition of SA and Si alone and
in combination stimulated the activities of APX, GR and DHAR and significantly increased levels of total ascorbate and
glutathione. In conclusion, the present study suggested that although SA and Si both alone are able to alleviate Cd-induced
toxicity in maize seedlings, but their combination was the most effective in nullifying Cd-induced toxicity in maize seedlings.
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Introduction

Cadmium (Cd), a non-essential heavy metal, is one of the
main pollutants of the environment and hazardous to all
living organisms including plants and animals (Goncalves
et al. 2009; Xu et al. 2011; Tripathi et al. 2012a). In plants,
Cd causes serious harm to morphological, physiological,
and biochemical processes (Bernard 2008; Tripathi et al.
2012a; Singh and Prasad 2013). Cd is liberated into soil
and water through natural and anthropogenic activities
(Friberg 2017). Absorbed Cd on plant roots can be loaded
into the xylem through transport and reaches the leaves
which then interferes with cellular redox homeostasis and
thus leads to over production of reactive oxygen species
(ROS) in plants (Gill et al. 2011). In addition, it reacts
with pigments, nucleic acids, proteins, lipids and ulti-
mately results in damage to cellular structures by their
oxidation (Shah et al. 2001; Stork et al. 2013; He et al.
2013). Cd causes leaf chlorosis, reduced growth and dis-
turbs several physiological processes such as photosynthe-
sis and mineral regulation (Metwally et al. 2003; Nwugo
and Huerta 2008; Popova et al. 2009; Sfaxi-Bousbih et al.
2010). Barcel6 and Poschenrieder (1990) showed that Cd
negatively affected stomatal opening, transpiration, water
balance and nutrient uptake in plants. In addition to this,
some reports also advocated that Cd influences various
photosynthetic enzymes, mainly those involved in the
Calvin cycle (Vitéria et al. 2001; Kulaeva and Tsyganov
2011; Song et al. 2017). Therefore, to counteract the lethal
impact of Cd on plants, there are several techniques, chem-
ical agents and plant growth regulators that are being used
and of which silicon (Si) and salicylic acid (SA) are of
major attention.

Silicon (Si) is the second most abundant element on
the earth crust after oxygen, and is available in the form
of silicic acid [Si(OH),] to plants (Epstein 1999; Lux
et al. 2002). Si offers extensive benefits to plant growth
and development even under stress but has not yet been
regarded as an essential element (Epstein 1999; Lux et al.
2002; Nwugo and Huerta 2008; Tripathi et al. 2012a, b;
Mitani Ueno et al. 2016). Thus, it is known as a “quasi-
essential element” for plant growth. It not only provides
mechanical strength but also shows greater involve-
ment in morpho-physiological to molecular traits of the
plant system in normal as well as in stressed conditions
(Epstein 1999; Tripathi et al. 2014, 2015). Thus, Si can be
an efficient element for boosting growth and development
in higher plants under stress (Guo et al. 2013; Muneer
et al. 2017). Similarly, many studies have verified that Si
is capable of enhancing the resistance of plants against
the toxicity of metals including aluminum (Al), cadmium
(Cd), chromium (Cr), iron (Fe), manganese (Mn), and zinc
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(Zn) (Horiguchi and Morita 1987; Shi et al. 2005; Singh
et al. 2011; Tripathi et al. 2012a, b, 2015).

Additionally, salicylic acid (SA; 2-hydroxybenzoic acid)
is one of the most dynamic plant hormones which naturally
occurs in plants, quantitatively in lower amount-pug/g fresh
weight or less (Raskin 1992; Rivas-San Vicente and Plasen-
cia 2011). SA is usually available in a free form or in the
form of glycosylated, methylated, glucoseester, or amino
acid conjugates in the plant system (Raskin 1992; Lee et al.
1995). It is an important signal molecule in plants and is
biosynthesized by two pathways. However, scientists using
isotope feeding techniques have proposed that the pheny-
lalanine ammonia lyase (PAL) pathway is the major SA
biosynthetic pathway in which plants synthesize SA from
cinnamate produced by PAL (Chen et al. 2009).

Salicylic acid is engaged in local as well as in systemic
plant defense responses, performs several significant benefi-
cial roles in growth, development, photosynthesis, transpira-
tion, ion uptake and transport in the plant system (An and
Mou 2011; Rivas-San Vicente and Plasencia 2011; Kawano
and Bouteau 2013; et al. 2016). SA is reported to play a
valuable role in improving tolerance against abiotic stresses
in many plant species (Hayat et al. 2010; Khan et al. 2015).
Further, studies related to Cd and SA interaction in various
plant species demonstrated that SA significantly reduced Cd
toxicity by regulating and decreasing the Cd uptake in plant
organs, enhancing photosynthetic ability, defending mem-
brane integrity and promoting heme oxygenase and ROS
scavenging through improved antioxidant defense system
(Shi et al. 2009; Cui et al. 2012; Guo et al. 2013; Wang et al.
2013; Asgher et al. 2014; Li et al. 2014; Janda et al. 2014;
Belkadhi et al. 2015; Zhang et al. 2015).

Therefore, on the basis of the above facts, it can be seen
that the beneficial role of Si and SA has been tested sepa-
rately against stress responses in plants with much emphasis
on Cd toxicity. However, the interactive impact of Si and SA
against Cd or any other stress has not yet been investigated
and thus needs research. Thus, the objective of the present
study was to examine the interactive impact of SA and Si
against Cd toxicity by analyzing growth, photosynthesis (as
a chlorophyll a fluorescence), oxidative stress, antioxidant
defense system and mineral element regulation in maize
seedlings.

Materials and Methods
Plant Material and Growth Conditions

Maize seeds (Zea mays L. var. Super 20-20) were pur-
chased from a certified supplier in a local market of Alla-
habad, India. The seeds were surface sterilized in 10% (v/v)
sodium hypochlorite solution for 10 min and were washed
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with distilled water. After that, sterilized seeds were soaked
for 4 h in distilled water and then healthy-looking uniformly
sized seeds were kept in Petri plates (150 mm Rivera TM)
lined with Whatman No-1 filter paper and moistened with
half strength Hoagland solution (pH 6.5) (Arditti and Dunn
1969). Further, seeds were kept for germination in the dark
at 28 +2 °C for 4 days and were grown under a photosyn-
thetic photon flux density of 200 umol photons m™2 s~!
and relative humidity of 60-70% with a light/dark cycle
of 12/12 h at 28 +2 °C for 15 days in a growth chamber
(Impact, Model IIC129). After this, uniform sized seedlings
were collected and placed into half-strength Hoagland’s
solution to acclimatize them for 7 days. After acclimatiza-
tion, SA (500 uM), Si(10 uM), Si+SA (500 uM + 10 uM)
and Cd (100 pM) treatments were given to the seedlings
for 7 days. The concentrations of SA and Si were selected
according to our previous studies, that is, Singh et al. (2014)
and Tripathi et al. (2016). Sodium silicate (Na,Si03), cad-
mium chloride (CdCl,) and salicylic acid (SA) (S.D. fine-
chem limited Mumbai, India) were used to prepare the dif-
ferent concentrations in half strength Hoagland solution.
After 7 days of treatments, root and shoot samples from the
treated and untreated sets were harvested and different mor-
phological, physiological and biochemical parameters were
analyzed. During 7 days of treatments, the respective solu-
tion was changed twice. In addition, the untreated Zea mays
L. seedlings were regarded as ‘control’.

Estimation of Growth

After 7 days of treatments, lengths and fresh weights of
shoots and roots of control and treated plants were meas-
ured. Seedlings from each sample were randomly selected
for this purpose. Shoot and root lengths were measured by
using a centimeter scale. Root and shoot fresh weights were
measured by using a digital balance.

Estimation of Chlorophyll and Carotenoids
Photosynthetic pigments (chlorophylls and carotenoids) were
extracted and measured as per the method of Lichtenthaler
(1987).

Determination of Total Soluble Protein

Total soluble protein contents of treated and untreated sam-
ples were measured by the method of Lowry et al. (1951)
using bovine serum albumin as a standard.

Estimation of Cd and Mineral Contents (Ca and S)

Cadmium (Cd) and mineral (Ca and S) contents were
estimated in treated and untreated maize seedlings. For

determination of Cd, Ca and S contents in shoot and root,
they were repeatedly washed with double-distilled water to
remove absorbed culture medium and dried with clean tis-
sue paper and then in an air-circulated oven. Dried samples
(100 mg) of each treatment were digested in triacid mixture
(HNO;, H,SO, and HCIO, in 5:1:1 ratio) at 80 °C until a
transparent solution is obtained. After cooling, the digested
samples were maintained up to 30 ml with double-distilled
water. Concentrations of Cd, Ca and S in the filtrate of
digested samples were estimated using atomic absorption
spectroscopy (AAS).

Chlorophyll a Fluorescence Measurements

For the assessment of photosynthetic performance, chloro-
phyll a fluorescence was recorded in the dark-adapted leaves
of treated and untreated maize seedlings using a hand held
leaf fluorometer (FluorPen FP 100, Photon System Instru-
ment, Czech Republic) according to Strasser et al. (2000).

Estimation of Superoxide Radical (SOR), Hydrogen
Peroxide (H,0,)

For the estimation of superoxide radicals (SOR; O,7) in
maize seedlings, the procedure of Elstner and Heupel (1976)
was adopted. This assay is based on the formation of NO,
~ from hydroxylamine in the presence of O, . A standard
curve was prepared with NaNO, and used to calculate the
production rate of O, .

For the estimation of H,0,, fresh leaves of treated and
untreated maize seedlings were homogenized in 0.1% (w/v)
trichloroacetic acid (Velikova et al. 2000). The reaction
mixture (2 ml) contained tissue extract (500 pl), 10 mM
potassium phosphate buffer (pH 7.0) and 1M KI solution.
Absorbance of the reaction mixture was read at 390 nm. The
concentration of H,O, was calculated using the standard
curve prepared with H,0,.

Estimation of Lipid Peroxidation (MDA)
and Membrane Stability

Lipid peroxidation (MDA ; malondialdehyde) in maize seed-
lings was measured according to the method described by
Heath and Packer (1968). The MDA concentration was cal-
culated using the extinction coefficient 155 mM~' cm™".

Membrane Stability Index (MS]) in treated and untreated
maize seedlings was determined as per the method of Sairam
et al. (2002).

Antioxidant Enzymes Assays

Superoxide dismutase (SOD; EC 1.15.1.1) activity in
treated and untreated maize seedlings was measured
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according to the method of Giannopolitis and Reis (1977).
One unit (U) of SOD activity is defined as the amount of
enzyme required to cause 50% inhibition in reduction of
NBT. Ascorbate peroxidase (APX; EC 1.11.1.11) activity
was determined according to the method of Nakano and
Asada (1981). One unit of enzyme activity is defined as
1 nmol ascorbate oxidized min~'. Glutathione reductase
(GR; EC 1.6.4.2) activity was assayed according to the
method of Schaedle and Bassham (1977). One unit of
enzyme activity is defined as 1 nmol NADPH oxidized
min~. Dehydroascorbate reductase (DHAR; EC 1.8.5.1)
activity was assayed by the method of Nakano and Asada
(1981). One unit of enzyme activity is defined as 1 nmol
DHA reduced min~".

Measurements of Total Ascorbate and Glutathione

The measurement of total ascorbate was performed
according to the method of Gossett et al. (1994). Total
glutathione was determined by the enzyme-recycling
method of Brehe and Burch (1976).

Statistical Analysis

Results were statistically analyzed by analysis of vari-
ance (ANOVA). Duncan’s multiple range test was applied
for mean separation for significant differences among
treatments at p < 0.05 significance level. The results pre-
sented are the means + standard error of three independ-
ent experiments with two replicates in each experiment
(n=06) to check the reproducibility of the results.

Fig. 1 Impact of exogenous
SA and Si addition on maize
seedlings under Cd toxicity.
Photographs were taken after
experiments

Control SA

@ Springer

Results

Impact of SA, Si and SA + Si on Growth and Cd
Accumulation Under Cd Stress

Exposure to Cd significantly caused visible toxicity symp-
toms in maize seedlings which were confirmed by the meas-
urement of growth in terms of length and fresh weight of
root and shoot which exhibited a significant decline under
Cd treatment (Fig. 1; Table 1). Maize seedlings exposed to
100 uM Cd showed a decline of 24 and 27% in fresh weight
and 19 and 23% in length of shoot and root, respectively,
over the value of control. However, the addition of SA, Si
and Si+ SA along with Cd (100 uM) significantly (p <0.05)
alleviated Cd-induced reduction in fresh weight and length
of maize seedlings as the percentage decline was then only
14, 9 and 6% in shoot fresh weight and 14, 10 and 9% in
shoot length whereas in root fresh weight reductions were
only 17, 11 and 9% and root length declined only by 17, 13
and 7%, respectively, over the value of controls (Table 1).

Further, in SA, Si and SA + Si treatments without Cd,
fresh weights of shoot was significantly (p <0.05) increased
by 6, 8 and 15%, and lengths of shoot by 6, 12 and 18%,
respectively. Similarly, root fresh weight increased by 8, 10
and 17%, whereas root lengths by 7, 15 and 23%, respec-
tively, over the value of controls (Table 1).

Data related to the accumulation of Cd are depicted in
Table 2. Data showed that Cd was significantly (p <0.05)
higher in Cd-treated maize seedlings as roots accumulated
about 1266+ 12.3 ug Cd g~! dry weight and shoot about
380+7.7 ug Cd g~! dry weight (Table 2). However, upon
addition of SA, Si and Si+ SA Cd accumulation was sig-
nificantly (p <0.05) reduced and it was only 278 +9.3,
239+10.6, 197 +9.6 in shoot and 1081 +10.1, 789 + 6.8,

Si SA+Si cd Cd+SA Cd+Si Cd+SA+Si
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Table 1 Effects of Si and salicylic acid (SA) on growth (length, cm plant™', and fresh weight (mg plant™"), total chlorophyll (total Chl; pg g~
fresh weight), carotenoids (Car; ug g~! fresh weight), protein content (mg g~! fresh weight) of maize seedlings exposed to Cd stress

Parameters Length Fresh weight Chl Car Protein
Shoot Root Shoot Root

Control 32.3+13.8c 11.8+2.8¢c 625+13.8d 125+2.84d 1366 +30.6d 449+13.9¢ 12.2+0.46¢

SA 34.2+15.7bc 12.6+3.2bc 659 +14.6bc 135 +3.06bc 1398 +33.2¢ 467+19.2bc 12.6 +£0.37bc

Si 34.9+14.9b 13.6+3.4b 674 +14.9b 138 +3.13b 1432+£35.8b 478 +17.3b 13.1+0.43b

SA +Si 37.3+19.3a 145+3.1a 716+15.8a 147+3.34a 1475+32.2a 512+27.3a 13.7+£0.2a

Cd 26.2+222ef 9.09+£29¢ 476+10.5h 91+2.07h 1083 +£28.7h 365+18.7 g 8.7+027¢g

Cd+SA 27.6+21.3e 9.8+2.4f 538+119¢ 104+2.36 ¢ 1190+259 ¢ 382+14.1f 9.2+0.24f

Cd+Si 29.0+18.7d 10.2+3.1de 567 £12.5f 111 +2.52ef 1227 £35.3f 405+16.3¢ 10.8+0.26e

Cd+SA+Si 29.2+20.2d 10.9+3.4d 585+12.9¢ 114 +£2.5% 1277 +27.6e 422+12.2d 11.7+£0.29d

Values within the same column followed by the different letters are different at p <0.05 according to the DMRT

Table 2 Impact Of, exogepous Parameters Cd accumulation Mineral accumulation

SA, Si and SA + Si addition

on Cd (ug g~! dry weight) Ca Shoot Root Calcium Sulfur

and S accumulation (mg kg™

dry Weight) in maize Seed]jngs Control nd nd 2866.4+66.5¢cd 6788.5+ 1799fg

under Cd toxicity SA nd nd 2923.1+70.0bc 6876.2 + 164.2f
Si nd nd 3098.2+62.7b 7106.3+177.3de
Cd 380+7.7a 1266 +12.3a 2145.1+£67.3h 8281.4.2+197.2a
SA+Si nd nd 3533.2+81.3a 7255.3+161.3d
Cd+SA 278+9.3b 1081+10.1b 2328.07+50.2g 7976.3 +201.4ab
Cd+Si 239+10.6¢ 789 +6.8¢c 2551.2+63.1f 7551.2+153.1bc
Cd+SA +Si 197 +£9.6d 433+5.9d 2744.1+£71.3e 7267.3+141.6d

Values with different letters within same column show significant differences at p <0.05 level between
treatments according to the Duncan’s multiple range test

ND not detectable

433+5.9 pg Cd g7! dry weight in roots, respectively
(Table 1).

Impact of SA, Si and SA +Si on Photosynthetic
Pigments and Total Soluble Protein Under Cd Stress

Photosynthetic pigments including total chlorophyll and
carotenoids, and protein of treated maize seedlings were also
analyzed and the results are depicted in Table 1. Data reveal
that Cd (100 uM) significantly (p < 0.05) reduced chloro-
phyll, carotenoids, and protein contents of maize seedlings
by 21, 18 and 28%, respectively, over the values of control
(Table 1). In contrast, the addition of SA, Si and SA + Si
along with Cd (100 uM) in the nutrient medium significantly
(p <0.05) alleviated the Cd-induced toxic impact and thus
reductions were only 13, 10 and 7% in total chlorophyll, 15,
9 and 6% in carotenoids, and 18, 11 and 5% in protein in
comparison to the Cd treatment alone (Table 1). In addition
to this, separate treatments of SA, Si and SA + Si had signifi-
cantly increased chlorophyll, carotenoids, and protein con-
tents of maize seedlings over the value of control (Table 1).

Impact of SA, Si and SA +Si on Chlorophyll
a Fluorescence Characteristics Under Cd Stress

The chlorophyll a fluorescence (JIP test) is a rapid and sen-
sitive technique in assessing photosynthetic performance
in plants, and thus in the present study a JIP test was con-
ducted to measure the impact of Cd treatment on Chl a
fluorescence features in maize seedlings also exposed to
SA, Si and SA + Si (Fig. 2). The data suggested that treat-
ments of SA, Si and SA + Si alone positively influenced
characteristics OJIP transient as compared to values of
controls. Due to Cd treatment, the quantum yield of pri-
mary photochemistry (¢P, or Phi_P,), yield of electron
transport per trapped exciton (W, or Psi_0), the quantum
yield of electron transport (@E,) activity and performance
index of PS II were significantly reduced over the values
of respective controls (Fig. 2). Conversely, addition of SA,
Si and SA + Si together with Cd significantly mitigated
wPo, W, and P1 g except 9E, over the values of Cd alone-
treated seedlings. Further, addition of SA, Si and SA + Si
treatments alone significantly increased @E, and PI, g
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Fig.2 Effect of SA, Si and
their interactive impacts against
Cd-induced phytotoxicity on
photochemistry of photosystem
II (OJIP parameters) of maize
seedlings

Cd+Sa+Si

Cd+Si

except @P, and W,,, as compared to respective values of
controls (Fig. 2).

In addition, Cd treatment significantly reduced the ratio
of active RC which was pointed out by enhanced energy
flux parameters including ABS, TR, ET, and DI, per RC
(Fig. 2). However, addition of SA, Si and SA + Si together
with Cd treatment significantly alleviated the toxic impacts
of Cd on energy flux parameters (Fig. 2).

Impact of SA, Si and SA + Si on Reactive Oxygen
Species, Lipid Peroxidation and Membrane Stability
Under Cd Stress

It is well known that reactive oxygen species (ROS) are key
signatures of stress signaling and stress caused by heavy
metals. Hence, to examine the oxidative stress status, we
measured levels of SOR and H,0, in maize seedlings and
data suggested that in Cd-treated plants SOR and H,O, con-
tents were significantly enhanced by 90 and 54%, respec-
tively over the value of controls whereas in SA, Si and
SA + Si treated plants the levels of both stress markers (SOR
and H,0,) were not influenced significantly (Fig. 3a). Beside
this, upon addition of SA, Si and SA + Si together with Cd,
the level of both the stress markers (SOR and H,0,) was sig-
nificantly (p <0.05) reduced as compared to the Cd-alone-
treated plants.

Lipid peroxidation is also one of the major stress markers,
indicating the impact of various stresses on lipids. Similarly,
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Fig. 3 Interactive effect of SA and Si on superoxide radicals (SOR)
(a), hydrogen peroxide (H,0O,) (a), lipid peroxidation (as MDA,
malondialdehyde) (b) and membrane stability (b) in maize seedlings
exposed to Cd stress. Bars followed by different letter(s) show sig-
nificant difference at p <0.05 significance level according to the Dun-
can’s multiple range test
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the data of the present study clearly indicated that due to
the exposure to Cd the level of lipid peroxidation (MDA
content) was enhanced by 59% in maize seedlings (Fig. 3b).
However, the level of MDA was not influenced significantly
under the treatments of SA, Si and SA + Si alone in maize
seedlings. In contrast to this, in the addition of SA, Si and
SA + Si together with Cd the level of MDA was lowered sig-
nificantly (p <0.05) as compared to Cd-alone-treated maize
seedlings (Fig. 3b).

Impact of SA, Si and SA + Si on Activities
of Enzymatic Antioxidants Under Cd Stress

The results show that Cd treatment (100 uM) significantly
(p <0.05) increased SOD activity in maize seedlings
(Fig. 4a), whereas addition of SA, Si and SA + Si alone and
in combination with Cd significantly (p <0.05) maintained
higher SOD levels in maize seedlings.

Further in the case of APX, GR and DHAR, results dem-
onstrated that Cd treatment significantly inhibited activities
of all these enzymes by 21, 32 and 21%, respectively, over
the values of controls in maize seedlings (Fig. 4a, b). In
contrast, addition of SA, Si and SA + Si together with the
Cd treatments alleviated Cd-induced reduction in APX, GR
and MDHAR as compared to the value of Cd-treated maize
seedlings (Fig. 4a, b).

Impact of SA, Si and SA +Si on Ascorbate
and Glutathione Levels Under Cd Stress

Cd (100 uM) treatment significantly reduced the level of
ASC and GSH by 32 and 24%, respectively, over the value of
controls (Fig. 4c). However, addition of SA, Si and SA + Si
together with the Cd treatment significantly alleviated the
toxic impact of Cd and managed the levels of ASC and GSH
as their contents showed a decrease of only 18,12 and 8% in
ASC and 16,11 and 7% in GSH, respectively, over the val-
ues of Cd-alone-treated maize seedlings (Fig. 4c). Further,
application of SA, Si and SA + Si without Cd also showed
stimulation in ASC and GSH.

Impact of SA, Si and SA + Si on Caand S Under Cd
Stress

The levels of Ca and S were tested and data suggested that
SA, Si and SA + Si treatments alone positively influenced the
Ca level in maize seedlings. However, Cd treatment signifi-
cantly reduced levels of Ca by 25%. However, interestingly
the addition of SA, Si and SA + Si along with Cd-improved
levels of Ca through mitigating Cd toxicity as reductions
were only 18, 11 and 4%, respectively (Table 2).

On the other hand, treatments of SA, Si and SA + Si alone
did not influence the level of S in maize seedlings. However,
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Fig.4 Interactive impact of SA and Si on the activities of superoxide
dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase
(GR), dehydroascorbate reductase (DHAR) and total ascorbate and
glutathione in maize seedlings exposed to Cd stress. Bars followed by
different letter(s) show significant difference at p <0.05 significance
level according to the Duncan’s multiple range test

Cd treatment enhanced S levels by 22% over the value of
controls (Table 2). The addition of SA, Si and SA + Si
together with Cd balanced the S content in maize seedlings
as it was then 17, 11 and 7%, respectively, over the value of
respective Cd treatment (Table 2).

Discussion

The results of this study clearly revealed that singly and in
combination SA and Si significantly modulated Cd-induced
toxicity in maize seedlings. Data of the study revealed that
growth, photosynthetic pigments and chlorophyll a fluo-
rescence parameters of maize seedlings were significantly
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altered by Cd which could be associated with the excess
Cd accumulation in plants (Table 1; Fig. 2; Table 2). In the
same way, Cd-induced toxic impacts on growth have been
observed in a variety of plant species (Wu et al. 2004; Dra-
zic and Mihailovic 2005; Singh and Prasad 2013) which
could be attributed primarily to repress cell division and/or
cell growth and cell elongation which mostly occurs by an
irreparable silencing of the proton pump (Liu et al. 2004).
However, application of SA, Si and SA + Si significantly
improved growth, photosynthetic pigments and chloro-
phyll a fluorescence parameters of maize seedlings which
were because of a significant decrease in Cd accumula-
tion (Tables 1, 2; Fig. 2), as protective effects of Si and SA
were reported in other plants (Arberg 1981; Tripathi et al.
2012a, b; Singh and Prasad 2013). Impacts of SA and Si
alone have been well determined such as Khan et al. (2003)
and Khodary (2004) have shown impacts of SA on corn and
soybean and found that SA as an endogenous regulator is
capable of increasing growth characteristics including dry
mass, leaf area, level of pigments and photosynthetic rate.
For Si, Tripathi et al. (2012a) and Vaculik et al. (2012) have
observed a growth-promoting role of Si in plants. However,
the combined effect of SA and Si has not yet been explored
in plants under both normal and stress conditions. Our
results showed that though both SA and Si alone are able to
reduce Cd toxicity, their combination was more effective in
this assignment.

One of the adverse outputs of metal stress is the gen-
eration of ROS in excess amounts like superoxide radical
(0,7), hydrogen peroxide (H,0,), hydroxyl radical (*OH)
etc. which subsequently cause oxidative damage in plants
(Vaculik et al. 2015; Tripathi et al. 2017). The results show
that Cd significantly stimulated ROS generation in maize
seedlings which coincided with the enhanced damage
to lipids as indicated by enhanced lipid peroxidation and
decreased membrane stability (Fig. 3a, b). However, treat-
ment of maize seedlings with Si and SA alone and in com-
bination significantly ameliorated Cd-induced toxic effects
by lowering ROS and damage to lipids and thus maintaining
membrane stability (Fig. 3a, b). These results imply that
Si and SA both were able to mitigate Cd-induced negative
consequences in maize seedlings.

To combat abiotic stress like Cd-mediated excess ROS
accumulation, plants are naturally equipped with a well-
coordinated antioxidant defense strategy. Antioxidant
defense methods consist of two components, that is, enzy-
matic antioxidants like SOD, APX, GR, DHAR, etc. and
non-enzymatic antioxidants such as ascorbate, glutathione,
etc. (Mittler et al. 2002; Tripathi et al. 2016, 2017). SOD is
the first line of security against ROS and dismutases highly
toxic O, into comparatively less toxic H,O, (Mittler
2002). The important enzymes of the ascorbate—glutathione
cycle are APX, GR, MDHAR and DHAR participating in
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managing H,O, by producing ascorbate and glutathione
(Tripathi et al. 2017). SOD activity was stimulated by Cd
treatment (Fig. 4a) indicating that under such conditions
maize seedlings were under severe oxidative stress as evi-
denced from enhanced ROS levels and lipid peroxidation
(Figs. 3, 4), and significant enhancement in SOD activity
was for regulating the ROS level. However, upon either
single or combined treatment of Si and SA, SOD activity
showed downregulation (Fig. 3a) suggesting that its activ-
ity is not required in larger extent as indicators of oxidative
stress (ROS and lipid peroxidation) also exhibited significant
decline. In contrast to the SOD activity, activities of APX,
GR and DHAR, and contents of ascorbate and glutathione
were significantly reduced by Cd treatment (Fig. 3a, b). APX
is considered as a chief enzyme of H,0, metabolism and
responsible for fine tuning of the H,0, levels, therefore, it
could not damage the cell on one side and on another side
it could act as a signaling molecule during developmental
processes of plants (Singh et al. 2017). Under Cd stress,
inhibition in activity of APX resulted in buildup of H,O,
in maize seedlings which caused significant lipid damage
as evidenced from enhanced lipid peroxidation (Figs. 3,
4).Though, upon Si or SA treatment singly as well as in
combination, APX activity increased in comparison to the
Cd treatment alone indicating a significant role of APX in
managing Cd-induced oxidative stress as this fact is sup-
ported by reduction in ROS level and lipid peroxidation.
Under Cd stress, decline in ascorbate and glutathione con-
tents could be correlated with inhibition in DHAR and GR
activity (Fig. 4b). On one hand, ascorbate and glutathione
are the main buffering agents of the cell, maintaining its
reducing environment by regulating levels of ROS and on
another hand they contribute in several developmental pro-
cesses of the cell for instance in cell division, maintenance
of cytoskeleton, etc. (Foyer and Noctor 2011). Therefore,
under Cd stress, decline in ascorbate and glutathione con-
tents may be linked with hampered growth of maize seed-
lings by reason of enhanced occurrence of oxidative damage.
However, upon Si and SA addition alone, as well as in com-
bination, GR and DHAR activity was significantly increased
resulting in increased pools of ascorbate and glutathione for
regulating ROS as evidenced from greater decline in lipid
peroxidation. Under such conditions, improvement in growth
of maize seedlings may be the second reason for Si and SA
mediated amelioration of Cd toxicity.

Conclusions

The outcome of the current study showed that Si and SA
both were able to attenuate Cd toxicity in maize seedlings.
Among Si and SA, Si was more effective whereas the com-
bination of Si and SA was more effective than their single
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Fig.5 Probable model for Cd-
induced stress and Si and SA
action in response to Cd toxicity
in maize seedlings
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treatments in alleviating Cd toxicity in maize seedlings. Si
and SA-alleviated Cd toxicity was linked with downregula-
tion of Cd accumulation and up-regulation of antioxidants
like APX, GR, DHAR, ascorbate and glutathione which
resulted in better growth of maize seedlings by restoring
photosynthesis. These results are agronomically significant
as both Si and SA are cost effective and easily available,
so can be recommended for managing metal stress in crop
plants. The proposed model of Si and SA-mediated allevia-
tion of Cd toxicity in maize seedlings is given in Fig. 5.
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