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Abstract Selenium (Se), one of the most widely dis-
tributed elements of the earth’s crust, is required in trace
amounts for normal growth and development of biological
activity but its increasing level in soil poses productivity
problems in many crops including sugarcane. In the present
investigation, a promising line of sugarcane (CoLk 94184)
was used to assess the impact of selenium on growth,
physio-biochemical attributes vis-g-vis expression of
metallothionein (MT) gene. Single bud setts of sugarcane
(Saccharum spp. hybrids) was planted with differential
levels of selenium (sodium selenite) viz., 0, 10, 50 and
100 ppm under soil tray culture conditions. At higher
concentrations (50 and 100 ppm Se), symptoms of metal
toxicity as stunted growth, reduced plant height, vigor,
root, shoot weight and leaf chlorosis were observed. Bio-
chemical analysis revealed reduction in content of chlor-
ophylls, carotenoids, proline and induction of lipid
peroxidation in terms of malondialdehyde content and
higher activity of peroxidase enzyme. qRT-PCR analysis
indicated increase in expression of MT gene in leaf tissue
with an increase in Se supply and highest expression was
observed at 50 ppm Se. At 100 ppm supply, adverse effect
of Se was very severe and a minor increase in expression of
MT gene was observed. Results suggest that MT gene is
related to the Se homeostasis which in turn helps in tol-
erance to Se toxicity in sugarcane.
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Abbreviations

MT Metallothionein

MDA  Malondialdehyde

mRNA Messenger ribonucleic acid
TCA Trichloroacetic acid

TBA Thiobarbutaric acid

DAP Days after planting
Introduction

Every organism has an ability to withstand a specific
quantity of essential and non-essential elements present in
the environment and utilize them for their growth pro-
cesses. However, the same elements, when present in high
quantities can be toxic (Bradshaw et al. 1990) and exhibit
symptom akin to stress such as disturbances in photo-
synthesis, respiration and reduced biomass production. The
increased industrial activities, indiscriminate use of inor-
ganic/organic fertilizers, pesticides and disposal of indus-
trial effluents enhance heavy metals toxicity in agro-
ecosystem and environment. Cultivation of sugarcane
adjacent to industries, further the application of municipal
wastes and phosphatic fertilizers enhance the problem of
heavy metal toxicity in sugarcane crop.

Selenium is one of the most widely distributed ele-
ments of the Earth’s crust. It is generally associated with
sulphide minerals (Germ et al. 2007). The presence/
absence of Se in any soil depends on the composition of
the ground material and on leaching or other processes
subsequent to soil formation that have added Se
(Shamberger 1981). Selenium is an essential microele-
ment for animals, humans and microorganisms (Rotruck
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et al. 1973). It has three levels of biological activity: (1)
trace concentrations are required for normal growth and
development, (2) moderate concentrations can be stored
to maintain homeostatic functions and (3) elevated con-
centrations can result in toxic effects (Hamilton 2004).
Selenium has not been classified as an essential element
for plants, although its role has been considered to be
beneficial in plants capable of accumulating large
amounts of the element (Shanker 2006). Hartikainen
et al. (2000) reported Se at concentrations of 0.1 and
1.0 mg kg™' acted as an antioxidant, inhibiting lipid
peroxidation in ryegrass (Lolium perenne). Selenium
delayed the senescence and promoted the growth of
ageing seedlings by preventing the reduction of toco-
pherol concentration and enhancing superoxide dismutase
activity (Hartikainen and Xue 1999; Xue et al. 2001).
Some plant species viz., Morinda reticulata and Neptu-
nia amplexicaulis accumulate very high concentrations of
Se (up to 4000 mg Se kg~' dry matter), when these are
grown on seleniferrous soils and eventually become Se-
tolerant. However, most plants are Se non-accumulators
(contain less than 25 mg Se kg~' dry matter) and are
sensitive to Se (Terry et al. 2000; Ellis and Salt 2003;
Tinggi 2003). The content of Se in plants can be in-
creased in different ways; by addition of Se to soil,
soaking seeds in Se solution, hydroponic and aeroponic
cultivation in a nutrient solution containing Se and foliar
application of plants with Se solution.

Metallothioneins (MTs) are cysteine rich, low mole-
cular weight metal binding proteins reported in a wide
variety of organisms including animals, plants,
cyanobacteria and fungi. Plant’s MTs are extremely
diverse and have been classified into four subfamilies
(MT1 to MT4) based on the arrangement of Cys-residues.
Recently the role of MT genes in heavy metal tolerance
mechanism and phytoremediation has been demonstrated
in several plant species (Hamer 1986; Zhou et al. 2006;
Hossain et al. 2012). Sugarcane is one of the important
plant species that contain all four types of MTs and
considered as most potential phytoremediation species
having ability to produce high biomass and metal
enrichment capacity (Guo et al. 2013). Present study was
aimed to evaluate the physiological and biochemical
responses of sugarcane to graded concentration of Se by
analyzing various growth parameters vis-a-vis changes in
photosynthetic pigments, free proline content, peroxidase
activity and degree of membrane degradation (lipid per-
oxidation). In order to determine tolerance in sugarcane,
semi-quantitative reverse transcription polymerase chain
reaction (qQRT-PCR) was performed to investigate the
expression of MT gene in leaf tissues when plants were
exposed to various levels of Se.
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Materials and methods
Plant materials and growth conditions

Single bud setts of sugarcane (Saccharum spp. hybrids)
variety/cultivar CoLk 94184 were planted in soil tray cul-
ture condition at Indian Institute of Sugarcane Research,
Lucknow in year 2014. Graded levels of selenium were
applied at the time of planting by mixing selenium in soil
@ 0, 10, 50 and 100 ppm Se as sodium selenite. These
trays were kept under net house conditions at natural
photoperiod of 12-13 h and ambient temperature (day
temperature 28-31 °C; night temperature 15.6-19.7 °C).

Experimental design and parameters analyzed

Present experiment was carried out in three replications
and each replication contains ten setts. Sprouting of buds
was recorded at 10, 12 and 14 days after planting (DAP).
At 15 DAP, plant height was recorded and fresh leaves
were collected for biochemical and molecular analysis.

Determination of photosynthetic pigments

Photosynthetic pigments viz., chlorophyll a, b, total and car-
otenoids were determined in fresh leaves of treated and control
plants by the method of Arnon (1949). Hundred milligram of
leaf tissues were ground in 10 ml acetone (80 %) (v/v) with a
pinch of CaCO;. The homogenate was centrifuged at
10,000 rpm at room temperature for 10 min and supernatants
were collected. The absorbance of the supernatants was
measured at 663, 645 and 470 nm. The chlorophyll a, b, total
and carotenoids contents were calculated using formulas:

Chlorophyll @ = [12.7(ODeg3) — 2.69 (ODyys)]
x (V/1000 x wt in g)
Chlorophyll b = [22.9(0ODjg4s) — 4.68(0ODge3)]
x (V/1000 x wt in g)
Total chlorophyll = [22.2(ODg4s) + 8.02(ODgs3)]
x (V/1000 x wt in g)
Carotenoids = [(1000 x ODy479 — 1.82 Chl a
—85.02 Chl b)/198]
x (V/1000 x wt in g)

The results were expressed in mg per g fresh weight.
Determination of lipid peroxidation
Level of lipid peroxidation in leaf tissues was determined

by estimating the malondialdehyde (MDA) content as
described by Heath and Packer (1968). Fresh leaves
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(200 mg) were ground in 5 % TCA solution and cen-
trifuged at 6000 rpm for 10 min. Two ml supernatant was
mixed with 2 ml 5 % TBA and incubated for 30 min at
100 °C. The mixture was cooled rapidly in an ice bath and
then it was centrifuged for 10 min at 10,000 rpm. After
centrifugation, absorbance (A) was measured at 532 and
600 nm. Lipid peroxidation was expressed as pmol g~ '
using the formula = [(A530 — A600)/155].

Quantification of proline content

Proline was determined in fresh leaves by the method of
Bates et al. (1973). Leaf tissues (200 mg) were extracted in
2 ml of 3 % (w/v) sulphosalicylic acid. Extract was cen-
trifuged at 6000 rpm and supernatant was used for esti-
mation of proline. In 1 ml aliquot, 2 ml ninhydrin reagent
and 2 ml acetic acid were added and then mixture was
heated for 30 min in boiling water bath. After cooling,
color was extracted in 5 ml toluene by vortex mixing and
the upper (toluene) phase was collected in a dry glass tube
and the absorbance was measured at 520 nm. Results were
expressed in pg proline per 100 mg fresh weight.

Assay of peroxidase enzyme

Fresh leaf tissues were ground in liquid nitrogen and
powder was suspended in 5 ml 0.1 M phosphate buffer (pH
7.5) containing 0.5 mM EDTA. Homogenate was cen-
trifuged at 12,000 rpm, 4 °C for 10 min and the super-
natant collected was used as enzyme extract. For
peroxidase assay, the reaction mixture containing 5 ml
0.1 M phosphate buffer (pH 6.0), 1 ml 0.01 % H,0,, and
1 ml 0.5 % p-phenylenediamine and enzyme extract
(0.1 ml) was incubated for 5 min at 25 °C and then the
reaction was stopped by adding 2 ml 5 N H,SO, as
described by Luck (1963). The color developed was mea-
sured at 485 nm and the activity was expressed as change
in OD per mg protein.

Estimation of soluble protein

Protein was estimated in 0.1 ml of enzyme extracts,
according to Lowry et al. (1951). The intensity of blue
color was measured at 640 nm using bovine serum albumin
as the calibration standard.

RNA extraction and qRT-PCR reactions

Total RNA was isolated from leaf tissues of control and
treated plants using QIAGEN RNeasy plant Mini kit fol-
lowing the manufacturer’s instructions. Total RNA was
then treated with RNase-free DNase I (QIAGEN) to
remove any genomic DNA contamination. The quantity

and quality of RNA was checked using Picodrop spectro-
photometer and on 0.8 % agarose gel. The purified RNA
was stored at —20 °C. Nucleotide sequences for candidate
MT gene (gene accession no. EU760482.1) and for internal
control Actin (gene accession no. 53759188) was retrieved
from National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). For gqRT-PCR expression
analysis, oligonucleotide primers were designed using
Prime3 Output software. Primer sequences were, actin
forward: GGACATCCAGCCTCTTGT, actin reverse:
GCAAGATCCAAACGAAGAATG, MT forward: AGAT
GTACCCAGACATGAGC and MT reverse: AGGGTTA
CACTTGCAGTCAG. qRT-PCR was performed in PCT-
200 Thermal cycler (BioRad, USA) using equal amounts of
RNA (200 ng). Amplification was carried out using the
QIAGEN one step qRT-PCR kit as follows: 50 °C for
30 min for reverse transcription reaction, 94 °C for 15 min
and 30 cycles of 94 °C for 1 min, 49 °C for 1 min, 72 °C
for 1 min and final extension at 72 °C for 10 min.
Amplification products (12.5 pl) were electrophoresed on
1.6 % agarose gel. Gel was stained with ethidium bromide
and visualized on gel documentation system (AlPha Inno-
tech, USA) after agarose gel electrophoresis. Three biolo-
gical replicates were assayed for each treatment and each
reaction was performed in duplicate. Gene expression in
terms of integrated density value (IDV) was determined
using AlphaEase software supplied along with gel doc-
umentation system (Alpha Innotech, USA). IDV thus
obtained was divided by 1000 for ease of writing on the y
axis; thus, the IDV had to be multiplied by 1000 to get the
original value of gene expression.

Statistical analysis

The experiment was conducted in a completely randomized
design (CRD) with three replications. The data were ana-
lyzed by one-way analysis of variance, according to
Cochran and Cox (1957). The mean values were compared
using post hoc least significant difference (LSD) test and
the term significant has been used to indicate differences
for which p < 0.05.

Results and discussion
Bud sprouting and plant vigour

In general selenium application decreased bud sprouting,
plant height and vigour; the highest decrease was obtained
at 100 ppm Se (Fig. 1). Reduction in bud sprouting might
be due to poor growth of setts roots which adversely af-
fected the availability of moisture and other essential nu-
trients. Reduction in plant vigour might be due to reduced
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Fig. 1 Effect of selenium on bud sprouting and growth attributes of
sugarcane. The vertical bars indicate +SE. Mean values with
different letters indicate significant (p < 0.05) differences between
treatments

plant height (50 % reduction over control) and lower bud
sprouting indicating phytotoxicity of selenium for sugar-
cane at 100 ppm concentration. 50 ppm Se level showed a
moderate effect probably by maintaining homeostatic
functions.

Shoot and root weight

Selenium treated plants exhibited stunted growth, reduced
leaf area, root number, length and leaf chlorosis at early
stage. Fresh weight of both root and shoot reduced by
excess Se in growing medium; root growth was affected
more (85 %) than shoot (58.6 %) at 100 ppm Se supply
(Fig. 1). Effect of Se on sett roots was maximum at
100 ppm, which in turn adversely affected the shoot
growth. After about 30 DAP, when setts roots were dead
and new shoot roots start emerging, plant growth recovered
relatively both at 10 and 50 ppm Se. Higher Se also re-
duced plant growth in cabbage (Wu et al. 2009). These
results showed inhibition of root and shoot growth at
higher levels in sugarcane, as selenium in the form of
selenate is more soluble and easily translocated to shoots
resulting in oxidative stress due to reactive oxygen species
(ROS) formation which causes alterations in cell mem-
brane damage.
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Fig. 2 Effect of selenium on chlorophylls and carotenoids contents in
sugarcane. The vertical bars indicate £SE. Mean values with
different letters indicate significant (p < 0.05) differences between
treatments

Photosynthetic pigments

Both chlorophyll and carotenoid contents were compara-
tively lower in Se treated plants as compared to control;
highest decrease was obtained at 100 ppm Se (Fig. 2).
Reduction in photosynthetic pigments might be due to poor
availability of essential nutrients to metabolically active
leaf tissues, resulting in leaf chlorosis. Similar results were
reported due to heavy metals (Cr, Ni, Cd) toxicity in sug-
arcane (Jain et al. 2000, 2004; Yadav et al. 2010) and many
other plants (Cenkci et al. 2010). An excess of metals has
deleterious effects on the content and functionality of the
photosynthetic pigments (Broadley et al. 2007). This may
be caused by the inhibition of pigment synthesis (Prasad
and Prasad 1987), the formation of metal-substituted
chlorophylls of reduced functionality (Kiipper et al. 1996),
direct oxidative damage to the pigments (Olah et al. 2010)
or through the substitution of the central Mg ion (Cenkci
et al. 2010; Pourraut et al. 2011).

Malondialdehyde (MDA)

Lipid peroxidation was determined in terms of MDA in
leaf tissues of both treated and control plants. It was sig-
nificantly increased due to Se in growing medium; max-
imum content was observed at 100 ppm Se level (77.3 %
increase over control) (Fig. 3). Similar results were also
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Fig. 3 Effect of selenium on proline, MDA, peroxidase and soluble
protein contents. The vertical bars indicate £SE. Mean values with
different letters indicate significant (p < 0.05) differences between
treatments

reported by Wu et al. (2009) in cabbage exposed to higher
dose of Se. At higher concentration, Se acts as a pro-oxi-
dant enhancing the accumulation of lipid peroxidation
products (Hartikainen et al. 2000). The level of MDA
content has been considered as an indicator of oxidative
stress. MDA is the decomposition product of poly-
unsaturated fatty acids of bio-membranes and its increase
shows that plants are under antioxidant stress. Thus
increased MDA content shows the generality of oxidative
stress and this may be one of the potential mechanisms by
which toxicity due to heavy metals is manifested in plant
tissues (Gupta et al. 2009).

Proline content

Proline content increased significantly at 100 ppm Se
(99.2 % increase over control) (Fig. 3). Proline plays an
important role to stabilize protein structures, DNA, as well
as membranes and sub-cellular structures against dena-
turation (Kavi Kishor et al. 1995). It is well known that
proline accumulates in plants during the adaptation to
various types of environmental stresses such as drought,
high temperature, nutrient deficiency and exposure to
heavy metals (Oncel et al. 2000). Stress-inducible proline
accumulation in sugarcane plants under selenium stress
acts as a component of antioxidative defense system rather
than as an osmotic adjustment mediator.

Peroxidase activity and soluble protein content

Gradual increase in peroxidase activity was observed when
plants were exposed from 10 to 100 ppm Se (Fig. 3).
Similar results have been reported with rye grass (Harti-
kainen et al. 2000), suggesting antioxidative effect of Se
application. Protein content decreased due to Se applica-
tion. Decreased protein content reduced the integrity of
membrane causes death of the cells due to higher dose of
Se (Fig. 3). Increased activity of antioxidant enzyme pro-
tects sugarcane plants from membrane damage caused by
free radicals generated by Se exposure.

MT gene expression analysis

Expression of MT gene increased in leaf tissue of plants at
all the levels of selenium (10, 50 and 100 ppm Se); in-
crease was about 24.5 and 96.8 % over control at 10 and
50 ppm Se supply, respectively (Fig. 4). At 100 ppm Se, a
minor increase (6.2 %) in expression of MT gene was
observed, may be due to its lethal effect. MT transcripts
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Fig. 4 Expression pattern of MT gene in leaves of Saccharum spp.
hybrid CoLK 94184 plants exposed to graded levels of selenium. The
amount of total RNA used for the qRT-PCR procedures correspond-
ing to 200 ng of RNA loaded and separated by 0.8 % (w/v) agarose
gel electrophoresis. An equal quantity of RNA in each reaction was
verified by amplifying a constitutively expressed actin. To calculate
IDV, 12.5 pl PCR products were separated on 1.2 % agarose gel,
stained with ethidium bromide and quantified using AlphaEase
software supplied along with gel documentation system (Alpha
Innotech, USA). IDV thus obtained was divided by 1000 for ease of
writing on the y axis; thus, the IDV needs to be multiplied by 1000 to
get the original value of gene expression. The vertical bars indicate
+SE. Mean values with different letters indicate significant
(p < 0.05) differences between treatments
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might have accumulated in leaf tissues due to Se in
growing medium which is in accordance with the results
reported by Teixeira et al. (2013) by heavy metals. Result
indicated that MT gene plays important role in Se tolerance
in sugarcane.

Heavy metals are one of the serious environmental
constrains for optimal growth and yield of sugarcane.
Higher rate of stalk mortality, low relative growth rate,
reduced cane yield and juice quality loss are major effects
of heavy metals. The quantification of membrane damage
in terms of MDA content, carotenoids and free proline
levels in plants exposed to graded levels of selenium (Se)
provides indications of the damaging effects caused by
such exposure and the degree of stress imposed to sugar-
cane plants. The increase in free proline content in leaves
of Se treated plants may be the response to metal uptake,
indicating the involvement of proline in homeostasis of
heavy metals in plants, as suggested earlier in sugarcane
and other plants (Mehta and Gaur 1999; Pandey and
Sharma 2003; Jain et al. 2000). Results of present inves-
tigation indicated increased proline and MDA contents and
peroxidase activity in leaf tissues with an increase in
selenium doses, 100 ppm Se showed higher accumulation
of lipid peroxidation products and proline contents than
other treatments. Contrast to this, chlorophyll, carotenoids
and soluble protein contents decreased gradually with an
increase in Se level; highest decrease was obtained at
100 ppm Se treatment. Decrease in chlorophyll content in
plants leads to decreased photosynthetic activity and in-
crease in chlorosis with change in leaf colour as pale yel-
low or yellow white. Upregulation of MT gene may help
sugarcane plants to tolerate Se toxicity up to certain con-
centrations (50 ppm Se) and at very high dose, 100 ppm
Se, it exhibited lethal effects.
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