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Abstract

Severe drought stress (water deficit) in finger millet (Eleusine coracana L. Gaertn.) plants significantly reduced total leaf
chlorophyll and relative water content in shoots and roots, whereas electrolyte leakage, concentrations of proline and hydrogen
peroxide, as well as caspase-like activity were significantly increased. The role of spermidine in plant defence to water-stress
was investigated after subjected to various drought treatments. Three weeks of daily spermidine sprays (0.2 mM) at early
flowering stage significantly changed shoot and root growth, in both fresh and dry weights terms. At 75% of water deficit
stress, leaves accumulated twice as much proline as unstressed plants, and roots accumulated thrice. Plants treated with
spermidine under water stress showed lower electrolyte leakage, hydrogen peroxide and caspase-like activity than unstressed

and untreated control.
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Introduction

Drought is the worst natural menace, causing devastating
impacts on all organisms worldwide. The tropics of Asia
and Africa may enter a period of remarkable change in the
prevalence of development, occurrence and the intensity of
droughts (IPCC 2007; Singh et al. 2014). Under field con-
ditions, plants are consistently subjected to a complex of
different abiotic stresses (Zhou and Shao 2008). Water short-
age, in terms of both low vapor pressure deficit and low soil
water potential, occurs at the same time as high tempera-
tures and high light (Pollastrini et al. 2014). The metabolic
and molecular responses of plants to the combination of
drought and salinity are distinct and cannot be responsively
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concluded from the equivalent response of plants to each of
these varied stresses when applied individually (Slama et al.
2015). Efforts to develop crop performance against drought
stress were un-successful due to (i) incomplete understand-
ing of underlying essential mechanisms of stress tolerance
and (ii) lack of awareness of the interactions among various
stresses (Hussain et al. 2011). It is consequently essential
to understand the mechanisms of abiotic stress tolerance in
plants and to categorize the genetic resources that can result
in high levels of tolerance for various stresses (Ahmed et al.
2014).

Drought stress impedes plant growth and development,
and hence goes through disturbing various physiological and
biochemical processes (Shah et al. 2011). Environmental
stresses, including drought can augment an oxidative stress
at a cellular level by overproducing reactive oxygen species
(ROS) such as hydrogen peroxide (H,0,), singlet oxygen
(102), superoxide (O;) and hydroxyl radicals (Mostofa et al.
2014). ROS are exceedingly reactive to cellular components,
thus critically affecting plant metabolism, nutrient uptake
and limiting their development and yield (Mittler 2002).
Plant cells usually respond to ROS using different antioxi-
dants including superoxide dismutase (SOD), glutathione
peroxidase, catalase, and ascorbate peroxidase which shows
the major line of enzymatic protection against ROS or cat-
alyzes the dismutation of superoxide to H,0O, in the cells
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(Roxas et al. 2000; Mostofa et al. 2014). In natural field
environments, stress can be transient and the ability of the
plant to complete its entire progression is directly associated
with its capacity to improve after the stress period. Accord-
ing to Lutts et al. (2004) several cytological or biochemical
injuries may occur during or even after re-watering in pre-
viously drought-exposed plants. However, the coordinating
role of the antioxidative systems in imparting drought toler-
ance in small millets, especially finger millet has not been
extensively studied.

Finger millet (Eleusine coracana L. Gaertn.), cultivated
worldwide in more than four million hectares, is a staple
food for millions in less developed countries of Africa and
Asia (Satish et al. 2015, 20164, b, ¢, d, 2017). The nutri-
tional qualities of finger millet are outstanding to that of
other major cereals since it includes well-known invaluable
amino acids viz., tryptophan, cysteine, tyrosine and methio-
nine, and is rich in microelements including iron, calcium
and phosphorus, in addition sprouted finger millet seeds are
convincingly consumable (Ceasar and Ignacimuthu 2011;
Satish et al. 2016d, 2017). The calcium content of finger mil-
let is 5-30 times higher than the other cereals and it contains
on an average of 7.3% protein and 44.7% of the essential
amino acids of total amino acids (Nirgude et al. 2014). It
is a recommended nutritious food for children and diabetic
patients; in addition, its grains may also be powdered and
provided as a healthful food for infants as it is digested eas-
ily (Ignacimuthu and Ceasar 2012; Satish et al. 2016b). It is
also renowned for its health benefits such as hypo-choles-
terolemic, hypo-glycemic and anti-ulcerative characteristics
(Chethan and Malleshi 2007). With the increasing interest in
improvement of highly nutritious finger millet, trait improve-
ment to abiotic and biotic resistance is an important research
direction. In the past, limited efforts have been made in this
crop with reverence to its anti-oxidative potential aligned
with drought stress (Bartwal and Arora 2017). In addition,
the relationship among drought stress tolerance and genetic
expression of anti-oxidative enzymes is not well understood.
Major problem associated with conventional breeding is
that, if the gene is present in a wild relative of the crop,
there is difficulty in transferring it to the domesticated culti-
var, due to reproductive barriers and linkage drag (Rahman
et al. 2014).

Polyamines (spermidine, spermine and putrescine) are
aliphatic amines that are ubiquitously present in all organ-
isms, and are required for the normal development of both
prokaryotes and eukaryotes (Zhang et al. 2003; Satish et al.
2016c¢). Polyamines are not only involved in essential cel-
lular processes, for example cell proliferation, differen-
tiation, and programmed cell death, but also in adaptive
responses to environmental stresses including acid stress,
heavy metal stress, osmotic stress, UV radiation, and salinity
and drought stress due to their polycationic nature (Kusano
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et al. 2007; Yin et al. 2014; Li et al. 2016). Extensive reports
of exogenous polyamine application suggest that a possible
involvement of polyamines in plant adaptation to several
environmental stresses (Alcazar et al. 2006). In recent years,
research on polyamines has increased tremendously and has
provided clues to improve plant developmental processes
(Satish et al. 2016¢). Extensive studies of exogenous poly-
amine application recommend a promising involvement of
polyamines in plant adaptation to various environmental
stresses including, drought and salinity (Yin et al. 2014).
A spermidine-deficient Arabidopsis mutant showed hyper-
sensitivity to salinity stress (Yamaguchi et al. 2007), but
the query as to whether spermidine plays a defensive role
against drought stress in finger millet plants and has received
little attention to date. Although spermidine is involved in
abiotic stress response and is a complex process that unites
several metabolic processes, this study focused on the influ-
ence of spermidine on finger millet plants during drought
stress with respect to physiological parameters, caspase like
activity and H,O,.

The present study describes the effect of water-stressed
conditions and the influence of spermidine on biomass,
growth parameters, relative water content (RWC), total chlo-
rophyll (Chl) content, electrolyte leakage (E; ) and proline
content in high yielding and widespread Indian finger mil-
let cultivar ‘CO(Ra)-14’ plants. This report also showed a
few biochemical basis of oxidative stress, such as H,O, and
caspase-like activity in finger millet at water-stressed condi-
tions with and without spermidine application. Studying the
mechanism and pathway involved in finger millet drought
tolerance might aid in better understanding of plant growth
and development under water deficient conditions and there-
fore allow the existing use of breeding, genomic or genetic
methods to develop drought tolerance in important crops.

Materials and methods
Plant material and experimental design

A high-yielding finger millet cultivar ‘CO(Ra)-14" obtained
from Tamil Nadu Agricultural University, Coimbatore,
India was used in this study. Prior to germination, seeds
were surface sterilized (Satish et al. 2015): pre-treated with
sterile distilled water (SDW) for 30 min to remove the husk.
Dehusked seeds were subjected to surface disinfestations
with 70% (v/v) ethanol for 1 min and washed with SDW
twice for 1 min. Seeds were later disinfected in 0.1% mer-
curic chloride (HgCl,) solution for 5 min followed by five
washes with SDW. Then, the seeds were soaked in SDW for
24 h to initiate germination. Germinated seeds were sown in
a tray, filled with Soilrite™ (Keltech, India), vermiculate and
red soil at 2:1:1 ratio, grown for 20 days moved to soil pots
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(30 cm height X 25 cm upper diameter X 20 cm lower diam-
eter) and maintained up to early flowering stage (50 days).
Plants were irrigated regularly by Yoshida (Yoshida et al.
1976) solution (pH 5.8) and maintained at 26 °C day/16 °C
night with a 16 day/8 night h photoperiod with a relative
humidity of 70%.

After fully grown, the plants with uniform sizes (Early
flowering stage/50-day-old plants) in seven soil pots each
with three plants were allocated for stress treatments. All
experiments were accomplished in a completely randomized
design with two major experimental setups. In experiment 1,
all the sample pots were treated with four different soil water
conditions (one is well-watered state (control) and remain-
ing three are in various water-stressed conditions viz., 25,
50 and 75% of field capacity). Similarly, in experiment 2 all
the sample pots were treated with four different spermidine
treatments (one is well-watered state sprayed with distilled
water alone (control) and in remaining three plants were
foliar sprayed with 0.2 mM (in 100 ml of water) spermidine
at 25, 50 and 75% water-stressed conditions, individually)
for ‘CO(Ra)-14’ finger millet cultivar at early flowering
stage. Data of experiment 1, i.e., water-stressed conditions
(without spermidine) was considered as negative controls
to compare the results obtained in experiment 2, i.e., water-
stressed conditions (with 0.2 mM spermidine sprays). There
were no separate controls maintained for each independent
spermidine concentration, as shown above. The rationale for
the use of 0.2 mM spermidine was according to Yin et al.
(2014), proved that 0.2 mM spermidine helped to maintain
the positive effects on antioxidant systems in Cerasus humi-
lis. All treatments were rejuvenated for every 2 days up to
3 weeks, samples were collected for all the treatments and
prepared at the end of the dried up time.

Growth measurements

Plants were collected from all the pots individually, cleaned
with SDW to remove the surface dust and soil particles and
growth was measured. After washing, the water molecules
from the samples were drained using Whatman no. 3 fil-
ter papers and plants were used to measure mean length
of shoots and roots. Further the plants were divided into
shoots and roots and measured fresh weight and then the
samples was oven dried for 72 h at 70 °C to determine the
dry weight in response to water deficit and spermidine
sprayed conditions.

Determination of relative water content

The fresh weight (W) of harvested leaves and roots from all
treatments viz., water deficit (25, 50, 75% and control) and
water deficit of similar concentrations along with 0.2 mM
spermidine was analyzed. The harvested tissues of leaves

and roots were dipped in deionized water to overnight for
swelling, and then shortly air dried and weighed to deter-
mine the swelling weight (Wg). These samples were oven
dried at 70 °C for 48 h and dry weights (W[,) was measured
according to Barrs and Weatherley (1962)in finger millet.
The relative water content (RWC) was calculated as:

RWC (%) = [(Wp=Wp)/(Ws=Wp)] X 100.
Changes in total chlorophyll

Total chlorophyll (Chl) (a, b, and a + b) content were deter-
mined according to Lichtenthaler (1987). At the end of the
experiment, about 100 mg of fresh leaves was collected from
each treatment and covered in an aluminum foil to prevent
degradation of pigments in the light. Leaf samples were
finely ground in a cold mortar and pestle and extracted using
5 mL absolute ethanol (99%). Extracts were filtered through
Whatman no. 1 filter paper (Whatman®, Sigma-Aldrich,
India) and absorbance of centrifuged filtrates was measured
by UV-Vis spectrophotometer (UV-2450, Shimadzu Scien-
tific Instruments, Japan) at 661.6 and 646.8 nm, respectively.

Determination of proline content

Plant leaf samples each 500 mg in fresh weight was ran-
domly collected from water deficit (25, 50 and 75%), condi-
tions and controls with and without spermidine (0.2 mM)
spray, and quantified for free proline content according to
Bates et al. (1973). Plant leaf tissues were gently sliced and
homogenized in 10 mL of 3% aqueous sulphosalicylic acid
and filtered the homogenate through Whatman no. 2 filter
paper. Acid ninhydrin and glacial acetic acid (1 mL each)
was added to 1 mL of filtrate and the reaction mixture was
boiled (100 °C for 1 h) followed by an ice bath for 1 min.
The reaction mixture was then collected from all treatments
and 2 mL of toluene was added followed by 30 s vortex.
Proline content was evaluated using UV—Vis spectropho-
tometer at 520 nm and L-proline (Hi-Media, Mumbai, India)
calibration values, and expressed as mmol proline gram™!
of leaf fresh weight.

Determination of electrolyte leakage

Electrolyte leakage (E;) was determined with 100 mg of
leaves from the various treatments. Samples were sliced
(I-2 cm), and gently washed with deionized water and
removed the surface bound electrolytes which are released
during cutting of leaves. Leaf slices were submerged in
20 mL of deionized water and incubated in a desiccator
under a negative force of ~ 107! bar for 1 h. The primary
electrical conductivity (E,) of the sample was measured
using a conductivity/TDS/ °C gauge (Cyberscan200,
Eutech Instruments, Singapore). All the sample tubes were
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then boiled at 121 °C for 2 h to discharge all electrolytes,
frozen to 25 °C, and the total electrical conductivity (Ert)
of the sample was calculated. The E; value was expressed
as a percentage of electrolytes leaked from slice cells
compared to the total electrolyte pool (E) in the solution
(Tabot and Adams 2013),

E (%) = (E,/Er) % 100.

Determination of caspase-like activity

The caspase-like activity in finger millet was analyzed
according to del Pozo and Lam (1998). Young leaves
(the second youngest) and roots were collected from all
treated plants. From each treatment, 10 mg of leaf and
root tissues were frozen in liquid nitrogen, powdered and
homogenized with 2 mL of assay buffer containing 10%
(v/v) glycerol, 5 mM MgCl,, 100 mM Tris—HCI (pH 7.2),
10 mM p-mercaptoethanol, 1 mM phenyl methyl sulfonyl
fluoride (PMSF) and 2 mM EDTA. The samples were cen-
trifuged (13,000 rpm for 30 min at 4 °C), the supernatant
was carefully discarded and the tissue extract was used for
this assay. For caspase-like activity, 20 pL of the tissue
extract was mixed with 70 uL of assay buffer and incu-
bated at 37 °C for 5 min, followed by addition of 10 puL
of 5 mM N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-
DEVD-pNA; dissolved in dimethyl sulfoxide) as substrate
to a final concentration of 0.5 mM and incubated at 37 °C
for 60 min. A control reaction was set as blank in which
Ac-DEVD-pNA was mixed with 10 uL of dimethyl sulfox-
ide. The caspase-like activity was measured by absorbance
at 405 nm every 20 min during the incubation period of
60 min.

Hydrogen peroxide content

The hydrogen peroxide (H,0,) content was analyzed after
3 weeks of water deficit treatments with and without sper-
midine. Shoots and root samples (1 cm? sections, to a total
fresh weight of 100 mg) were collected from all water
deficit-treated plants and H,0, was determined accord-
ing to del Pozo and Lam (1998): tissues were fine pow-
dered using liquid nitrogen and homogenized in 5% (w/v)
of 800 pL cold trichloroacetic acid. The homogenate was
centrifuged (30 min at 12,000 rpm 4 °C) and the super-
natant was used to determine the H,O, content. Finally,
50 pL of the extract was incubated with 0.5 M KI and
5 mM K,HPO, (pH 5.0) for 20 min at 25 °C and read the
values at 390 nm using a UV—Vis spectrophotometer. The
H,0, content was considered through comparing its OD
value with the standard graph.
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Data analysis

All experiments were performed in triplicates, using 100 mg
of plant samples. Plant tissues were collected from the indi-
vidual pots of each treatment after 3 weeks. The values
(n = 3) provided in the text and table stipulate mean + stand-
ard error. Differences between water deficit stress, alone and
along with 0.2 mM spermidine treatments, were analyzed
by one-way ANOVA. The significant levels of differences
between means were persistent at p < 0.05 according to
Duncan’s multiple range test using a software SPSS 17.0
version (IBM, SPSS Statistics).

Results
Growth measurements

Finger millet plants growth was determined based on the
shoot and root biomass. Severe water deficit stress and water
deficit along with 0.2 mM spermidine sprays on finger millet
plants at early flowering stage revealed significant differ-
ences of the shoot and root growth after 3 weeks of treat-
ments (Table 1). Similarly, fresh and dry weights of shoots
and roots showed significant variation by the effects of water
deficit condition and as well as water deficit with spermidine
spray treatments (Table 1). In 50 and 75% of water deficit
stress an outstanding reduction of the shoot and root devel-
opment was observed, wherein similar stress (50 and 75%)
conditions along with spermidine spray treatments alleviated
the water deficient mediated growth reduction in both shoots
and roots. Up to 3 weeks of treatment with 0.2 mM spermi-
dine showed increased growth parameters compared to all
(25, 50 and 75%) water deficit treatments (Table 1). Since it
was expected, the maximum values of both parameters were
recorded in control and spermidine-treated control condi-
tions. In water deficit treatments in terms of fresh and dry
weights were significantly different when compared to sper-
midine sprays and controls. Only 25% of water deficit treat-
ment moderately affected the finger millet growth (length
of shoots and roots, and biomass of shoots and roots) when
compared to 50 and 75% water deficit conditions (Table 1).

Effects of exogenous spermidine on relative water
content under water deficit stress

RWC was influenced in all water-stressed conditions in this
study. A significant reduction was found between water defi-
cient stress alone and water deficient stress with 0.2 mM
spermidine spray treatments (Fig. 1a, b). Finger millet plants
exposed to 25, 50 and 75% of water-stressed conditions
showed decreased RWC in shoots and roots compared to
water stressed with spermidine sprayed and controls after
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Table 1 Plant growth parameters in 50-day-old finger millet plants exposed to spermidine at 25, 50 and 75% of drought stress

Water stress conditions Fresh weight (g) Dry weight (g) Length (cm) Chlorophyll content (mg g~ fresh
(%) (mean + SE) (mean + SE) (mean + SE) weight) (mean + SE)
Shoot Root Shoot Root Shoot Root Chl a Chl b Total Chla + b
Control 9.37 +0.5¢ 3.98+0.6° 1.61 £0.5¢ 0.69+0.5% 35.1+0.8% 20.7+0.7¢ 5.1+0.7¢ 2.1+02° 7.2+09¢
25 6.63 £0.3° 2,03+ 1.0° 1.07 £0.5° 0.51 £0.2° 27.8+04° 169+0.6° 3.1 +02° 1.1 £0.9° 42+0.3°
50 4.03+09° 1.19+0.6° 0.75+04" 038+0.3° 229+0.7° 128 +0.8° 22+0.1° 0.1 +0.1> 23+02°
75 1.66 £ 0.8% 0.68 +0.6* 04 +0.5* 02+04* 18.7+04* 9.7+0.6* 1.3+0.2* 05+0.2" 1.8+02*

Control + SPM 9.41 +0.3 4.02+0.6% 1.67 +0.9¢

25 + SPM 7.87+0.8° 2.84+1.3° 131+0.6° 0.6+0.2° 31.9+0.7°
50 + SPM
75 + SPM 344 +£08" 1.09+0.6" 0.55+0.3" 032+0.7* 240+ 1.0

07+02% 364+09 21.8+0.79 56+03% 24+04° 8.0+0.7¢

184407 3.8+0.1° 1.6+0.1> 54+02°

6.08 +1.0° 1.95+0.5° 0.87+0.3" 048 +03" 263 +0.9° 158 +0.8" 2.8 +02° 1.2+0.1* 4.0+0.3"

126 +£ 0.8 1.9+0.1* 09 +0.2* 2.8+0.3"

Measurements were made 3 weeks after water deficit along with spermidine sprays. Data are given as the mean + SE of three independent
experiments. Means followed the same column that have the same letter are significantly different at p < 0.05 based on Duncan’s multiple range

test
SPM Spermidine

3 weeks of treatment (Fig. 1a, b). The RWC in the leaf and
root samples obtained from all the water-stressed plants was
progressively decreased by the application of spermidine
(0.2 mM). But, the level of RWC was significantly higher in
both leaf and root samples obtained from the plants under-
gone water stress alone without any spermidine application
(control).

Influence of exogenous spermidine on chlorophyll
content

Water-stressed conditions and spermidine treatments signifi-
cantly affected the total Chl content in finger millet (Table 1).
All three water deficit stresses significantly reduced the con-
trol levels of Chl (a, b and a + b). However, the Chl content
in the leaf samples obtained from water deficit treatments
with spermidine sprays was high compared to the Chl read-
ings of leaf samples obtained from water deficit treatments
alone (without spermidine spray) (Table 1). The damaging
effect of water deficit severity on Chl content was intensified
over the course of the experiment. In 75% of water deficit
stress condition total Chl content was reduced to ~ 30% of
controls after 3 weeks of treatment. The decrease of total Chl
content in plant leaves resulted in chlorosis by degrading Chl
inducing the destruction of the chloroplast structure.

Proline accumulation

Water deficit treatments (25, 50 and 75%) induced consider-
able proline accumulation in plant shoot and root samples
(Fig. 1c). At 75% of water deficit stress, the shoots accumu-
lated twice as much proline (4.2 mol g~! FW) where root
samples accumulated threefold higher level (3.6 mol g~
FW) than control samples. These increases were more

significant in control plants and water deficit treatments
with 0.2 mM spermidine. Spermidine application, the most
effective treatment, significantly controlled proline concen-
tration in all treatments. In water deficit treatments (25, 50
and 75%) along with 0.2 mM spermidine shoots and roots
proline was present at only 3.4 and 2.7 mol g~! FW, respec-
tively (Fig. 1d). In all the stress treatments proline accumu-
lation was higher in plant shoots than roots since it might
be to maintain the photosynthesis in plants and it has been
extensively advocated for use as a parameter of selection
for drought stress tolerance (Fig. 1c, d). The proline content
was significantly enhanced at 50 and 75% of drought stress
in both shoots and roots. However, it was significantly con-
trolled in the plant samples sprayed with spermidine.

Electrolyte leakage

All water deficit treatments (25, 50 and 75%) damaged finger
millet plants causing a significant increase in E; (Fig. le, f).
The highest level of E; was evident in 75% water deficit-
treated plants. A severe damage was observed even at 25
and 50% of water deficit treatments in both shoots and root
samples compared to the E; level in control (well-watered
condition) samples (Fig. le). A significant positive correla-
tion was found between E| in shoot and root samples in
50-day-old plants treated at 25, 50 and 75% of water deficit
conditions. Plants treated with 0.2 mM spermidine along
with 25, 50 and 75% of water deficit environment shoot and
root samples showed lowest levels of E; compared to con-
trol and water deficit treatments without spermidine sprays
(Fig. le, f). Thus, 0.2 mM spermidine spray on 50-day-old
finger millet plants during water deficit stress significantly
reduced the E| in both shoot and root samples.

Piedlae clodl ayao .
KACST ,161)lg rogLe Ll @ Springer



63 Page6of11

3 Biotech (2018) 8:63

120 @ Shoots without SPM @
g 1004 4 W Roots without SPM
£ 80
@
5 60-
«<
= 40
W@
=
T 204
D
=z 0-
C 25 50 75
Water-stressed conditions (%)
6- Shoots without SPM @
3 54 Roots without SPM
S ¢ i‘
= 4- d
£4 b alr e
g 34 A I 5
> . =
£ 21 b
= a
& 11 =
0 T r r T
C 25 50 75
Water-stressed conditions (%)
401 Shoots without SPM @

@8 Roots without SPM

‘e
=
S—
£ 304
<
=2
B
= 204
=
]
£ 104 2 .
2 a
=
0 ||

C
Water-stressed condltlons ("/o)

. &

@8 Shoots without SPM
@8 Roots without SPM

N
1

Caspase-like activity (%)

25
Water-stressed conditions (%)

50 75

— 47 Shoots without SPM @
° . . d
e Roots without SPM
2 I
= 3 < d
S I
2 21 b B
S b
So £ls
S 11
=
= a
= gha Q
0 = T T T
C 25 50 75

Water-stressed conditions (%)

4

4

Jase cllola
G ls oo ) Springer

Relative water content (%)
Proline content (%)

Electrolite leakage (%)

120+
1001

@8 Shoots with SPM
Roots with SPM

®

I

Water-stressed condltlons (°A))

@

@8 Shoots with SPM
@8 Roots with SPM

C
Water-stressed conditions (%)

@®
I ;
75

Water-stressed condltlons (%)

25 50 75

@8 Shoots with SPM
Roots with SPM

ol

Control

- e NN
T 2 T

]
1

=
1

Q 54 @B Shoots with SPM
< | Roots with SPM
£ 4

=

£ 3

=2

= 21

4

wn

2 1-

wn

<

o 0-

Water-stressed condltlons (°A;)
oy 7 Shoots with SPM J @
é @ Roots with SPM I
=23
= 2
3 -
= 5 g
2 c
g ? b
o 14 I
g

a
E i a

0 T
25 50 75

Water-stressed conditions (%)



3 Biotech (2018) 8:63

Page7of 11 63

«Fig. 1 Physiological parameters in shoots and roots of finger millet
plants exposed to different drought stress conditions with and without
spermidine treatment. a, b Relative water content, ¢, d Proline con-
tent, e, f Electrolyte leakage, g, h Caspase-like activity, i, j Hydrogen
peroxide. Data analyzed for all the parameters 3 weeks after water
deficit treatment with and without spermidine sprays. Data are given
as the mean + SE of three independent experiments. Means followed
the same bar that have the same letter are significantly different at
p < 0.05 based on Duncan’s multiple range test. SPM, Spermidine.
Every column in each graph represents the mean + SE of three rep-
licates

Caspase-like activity

Water deficit treatments from 25 to 75% induced significant
increases in the total caspase-like activity in the finger millet
plant leaves and roots (Fig. 1g). Lower activity was found in
50-day-old plant leaves and root samples of 0.2 mM sper-
midine sprayed during water deficit treatments from 25 to
75% and control. Treatment with 75% water deficit stress
significantly increased caspase-like activity four-eightfold
above controls and spermidine treatments for both leaves
and roots in 50-day-old plants (Fig. 1g, h).

Effect of exogenous spermidine on hydrogen
peroxide accumulation

Finger millet plant samples (leaves and roots) with water
deficit treatments of 25, 50 and 75% exhibited a signifi-
cant increase in H,0, content over control (Fig. 1i). Above
fivefold higher H,O, content in leaves and roots was found
compared to controls at 75% water deficit stress (Fig. 11).
Minimum H,0, contents in leaves and roots were recorded
in control, unstressed plants with and without spermidine
spray treatments (Fig. 11, j).

Influence of spermidine spray on phenotypic
appearance of finger millet

Spermidine spray affected the appearance of water deficit-
stressed plants in terms of freshness: leaf wrinkles, chlorosis
and burning observed under water stress were avoided after

spraying.

Discussion

Drought causes aggressive effects on plant growth (bio-
mass production), development and yield (Sapeta et al.
2013; Yin et al. 2014). In this study, growth reduction
in shoots and roots was observed under moderate and
severe water deficit conditions. Water deficit treatments
(25, 50 and 75%) decreased the length as well as fresh
and dry weight of shoots and roots, RWC and total Chl

(a + b) content in 50-day-old finger millet plants. During
drought stress plants exhibited leaf wilting, yellowing and
progressive senescence (data not shown). Under severe
water deficit conditions (50 and 75%) leaf Chl contents
frequently decline due to degradation of leaf Chl (Anjum
et al. 2011; Sapeta et al. 2013). Polyamines are involved in
plant defence to environmental stresses (Bouchereau et al.
1999). To our knowledge, this is the first report on the
influence of exogenous spermidine in finger millet plants
at early flowering stage. The results suggest that exogenous
application of spermidine might turn out to be a promising
step to overcome the damage induced by drought stress
in finger millet plants at early flowering stage and it was
found that 0.2 mM spermidine is more potent against ROS
effect. These results are consistent with studies showing
that spermidine is a more active scavenger of peroxy radi-
cals (Yin et al. 2014). Spermidine plays an important role
under environmental stress, especially drought, and it may
accumulate in response to water deficiency. Polyamines
are constituents of the protective appliance, being involved
in regulating antioxidant enzyme activities (Groppa et al.
2001). Spermidine sprays enhance plant reproductive
health under osmotic stress condition in Glycine max pods
as well as seeds (Radhakrishnan and Lee 2013).
Polyamines are small polycationic complexes which
also plays a well-known role in plant growth, metabolism,
senescence, development and also in biotic and abiotic stress
responses (Alcazar et al. 2006; Satish et al. 2016d). During
the last decade, understanding on polyamine mechanism
and functions has been achieved using genetically modified
plants by changing the polyamine levels (Marco et al. 2011).
A prominent level of polyamines have been found in vari-
ous plant species in response to multiple stresses such as
drought, salinity, heat, chilling, heavy metal toxicity, ozone,
hypoxia, UV-B, UV-C, herbicide treatment and mechanical
wounding (reviewed in Bouchereau et al. 1999; Groppa et al.
2001; Alcazar et al. 2006; Marco et al. 2011). However, the
distinct mechanism of action of polyamines, which could
safeguard the plants from challenging abiotic stress condi-
tions, remains unclear and molecular studies are necessary to
understand the role of polyamines in stress tolerance (Alca-
zar et al. 2006). Several groups were keenly focused on this
aspect and during the last decade, various genes involved
in polyamine metabolism (including spermidine synthesis)
have been cloned from many species and their expression
profiles under different stress conditions including abiotic
stress and developmental stages have been analyzed (Kakkar
and Sawhney 2002). The importance of such metabolic path-
way in the plant against abiotic stress has been approached
very recently with the use of Arabidopsis as a model plant
since it allows global approaches to understand the major
role of polyamine metabolism and other stress-signalling
pathways (Ferrando et al. 2004; Alcazar et al. 2006).
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Improved resistance to different abiotic stresses has also
been accomplished by overexpressing the genes involved in
spermidine biosynthesis. Polyamines were shown to enhance
tolerance and recovery from abiotic stress, and recent results
consign spermidine is most closely associated with stress
tolerance in plants with a leading position for this effect
(Li et al. 2016). In plants, increase in S-adenosylmethionine
decarboxylase (SAMDC) gene levels conferred tolerance
against various stresses and constitutive overexpression
of human SAMDC in tobacco gave rise to an increment in
putrescine and spermidine levels that lead to a major tol-
erance to salt and osmotic stress (Waie and Rajam 2003).
Spermidine is synthesized from putrescine by the transfer of
aminopropyl groups from SAMDC. Arabidopsis plants over-
expressing spermidine synthase cDNA from Cucurbita fici-
folia exhibited significant increases in spermidine synthase
activity and the transformed lines have showed increased tol-
erance to various abiotic stresses, including drought, salinity,
chilling, freezing and hyper osmosis (Kasukabe et al. 2004).
Exogenous spermidine sprays did not change the polyam-
ine contents through regulation of polyamine degrading
enzymes, and an increase in polyamine biosynthetic enzyme
levels was observed in Zoysia japonica during abiotic stress
(Li et al. 2016). In addition, exogenous application of sper-
midine dramatically reversed the observed cinnamic acid-
induced effects on spermidine and partially re-established
the polyamine ratio in plant leaves, and also it was found
to affect systemic glucosylsalicylic acid levels and arginine
decarboxylase gene expression in Nicotiana tabacum leaves
(Lazzarato et al. 2009). Polyamine metabolism response to
abiotic stress changes with various exogenous spermidine
concentrations, plant species and interactions between other
stress factors (Gill and Tuteja 2010). Exogenous spermidine
inhibits the accumulation of free putrescine and promotes
the accumulation of free spermidine and spermine as well
as both soluble conjugated and insoluble bound putrescine,
spermidine and spermine (Li et al. 2016). However, further
studies regarding homeostatic polyamine mechanisms such
as degradation and conjugation are required to establish a
comprehensible general view of polyamine metabolism in
various stress responses.

Drought stress adversely affects plant growth and devel-
opment (Mostofa et al. 2014). In this study, water deficit
stress caused a severe decline in finger millet plant bio-
mass, including shoot and root length and FW and DW
of the shoot and root samples indicating that these plants
dried up because of water stress injury. However, spermi-
dine mediated protection of plant biomass is attributed
to its ability to resist water deficit stress in these plants.
Chl is the major source of ROS in plants under both water
stresses with and without spermidine treatments (Mostofa
et al. 2014). Therefore, destruction of the Chl and its loss
likely take place because of accumulation of ROS during
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water stress injury (Xu et al. 2006). In these experiments,
Chl content decreased considerably during water deficit
stress, signifying that the photosynthesis pathway was
injured irreparably and incapable to synthesize sufficient
Chl. In contrast, spermidine sprays reduced the injury to
Chl, thereby maintaining a reasonable level of Chl in water
deficit stressed finger millet plants which are consistent
with the findings of Mostofa et al. (2014) in Oryza sativa.

Osmoprotectants such as proline accumulate in several
plant species cultivated under salinity or drought stresses
and are considered as a stress metabolite. Proline acts as
a membrane protectant and owing to zwitterion nature,
accumulates to prominent concentration in cell cytoplasm
during stress stipulation without interfering with cellular
metabolism or organization (Goyal and Asthir 2010; Sat-
ish et al. 2016a). Drought exposure increased the proline
accumulation in O. sativa seedlings (Mostofa et al. 2014).
Similarly, in this study, proline content was increased sig-
nificantly in shoots and roots exposed to all water defi-
cit stress treatments (25, 50 and 75%) which might be an
adaptive effect to control the water loss. Excessive pro-
line accumulation was injurious to A. thaliana during heat
stress (Lv et al. 2011). In the last decade, it was reported
that overexpression of spermidine synthase improved the
tolerance to multiple environmental stresses and up-regu-
lated the expression of different stress-regulated genes in
transgenic A. thaliana (Kasukabe et al. 2004). Similarly,
variation of the polyamine biosynthetic pathway in O.
sativa transgenic lines confers tolerance of drought stress
(Capell et al. 2004). Application of spermidine (0.2 mM)
to the plants reduced the water deficit stress-induced pro-
line synthesis, suggesting that drought-imposed stress
might be moderately tolerated without proline accumula-
tion to high levels. This is supported by Jimenez-Bremont
et al. (2006) and Mostofa et al. (2014) who reported that
exogenous polyamines including spermidine reduced the
proline accumulation in Phaseolus vulgaris and O. sativa
during salinity and heat stress, respectively.

E; is a criterion to plant tissues injury due to exposure to
any kind of stress. It has been confessed as a simple, valid,
reproducible and quantitative method for assessing cell via-
bility after the stress, including drought, salt or cold stresses
(Busaidi and Farag 2015). Pre-treatment of Cucumis sativus
seedlings with polyamines viz., putrescine and spermidine
diminished the increased E; caused by chilling the leaves
of C. sativus cultivars (Zhang et al. 2009). The polyamines
reversed the salinity-induced reductions in seedling growth
and biomass accumulation and increased E; in leaf tissues
of Brassica juncea (Verma and Mishra 2005). In this study,
spermidine sprays during water deficit stress for 3 weeks
balanced the E; levels in shoots and roots of finger millet
plants. The results suggest that spermidine play a vital role
in the tolerance of finger millet plants against water deficit
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stress, which is most likely attained by acting as oxidative
machinery against drought stress injury.

In most cases, during abiotic stress in plants, spermidine-
mediated protection had a close association with enhanced
levels of antioxidant capacity. Initial studies seemed to
impart indirect affirmation supporting the presence of cas-
pase orthologues with various caspase-like activities found
in plant extracts which confirmed them to be required for
programmed cell death (Bonneau et al. 2008). The cyto-
solic caspase-like activity during leaf senescence leads to
cell death in O. sativa plants (Wang et al. 2014). However, as
in animal cell apoptosis, an attribute that seems to character-
ize all types of plant programmed cell death examined so far
is the caspase-like activity. In this study, plants exposed to
polyamine spermidine triggered caspase-like activity.

Catalase is an oxidative enzyme involved in abiotic stress.
In this study, results showed that water deficit stress-induced
increases in catalase activity which correlates with the levels
of H,0, (Fig. 1g—j). The rising trend in catalase activity
and H,O, content suggested that water deficit stress caused
severe peroxidation in finger millet shoots and roots at the
early flowering stage. H,O, may work as structural defence
signal molecule, although a high concentration of H,0, is
cytotoxic to the plants, leading to oxidative stress (Goyal and
Asthir 2010). Therefore, elucidation of methods of tolerance
at a specific stage of plant growth and development is essen-
tial to understand the plant responses to water deficit stress
(Goyal and Asthir 2010). Under abiotic stresses, polyamines
are beginning to accumulate significantly to confer adaptive
and protective responses (Yang et al. 2007). The endogenous
levels of polyamines are associated with the extent of stress
tolerance in different plant species. Exogenous application
of polyamines or genetic engineering of plants to maintain
the polyamine levels might be liable for enhanced tolerance
of multiple abiotic stresses (Goyal and Asthir 2010; Mostofa
et al. 2014).

Conclusion

During 3 weeks of water deficit of 25 and 50% in finger mil-
let plants, levels of final biomass, RWC and net Chl content
are reduced, whereas proline, E;, caspase-like activity and
H,0, increase. Foliar spray of Spermidine (0.2 mM) restores
the damages inflicted by drought stress. Theefore, biochemi-
cal consequences of water drought stress-mediated changes
in plant oxidative defence system, particularly in concur-
rence with spermidine catabolism are venerable of research.
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