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A pot experiment was performed as factorial based on randomized complete block design with three
replications, to assess the effects of 1 mM spermidine (SPD) and 1 mM putrescine (PUT) on Indian mus-
tard (Brassica Juncea L.) under different levels of watering (100, 75, 50 and 25% of field capacity).
Chlorophyll a and b contents decreased, but the ratio of Chl a/b and carotenoid content increased with
decreasing water supply. Foliar sprays of polyamines improved chlorophylls a and b and carotenoid con-
tents, while the ratio of Chl a/b was reduced by these growth regulators. Relative water content, glycine
betaine, proteins and soluble sugars contents were increased, but proline content was decreased by exog-
enous polyamines under limited water supply. Antioxidant enzyme (POX, CAT, SOD and APX) activities
were enhanced by drought stress and polyamine treatments. This resulted in lower electrolyte leakage and
lipid peroxidation (less MDA) under stressful conditions. The present results indicate that exogenous
polyamines such as putrescine and spermidine can alleviate some of the deleterious impacts of water
limitation on Indian mustard.
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INTRODUCTION

A number of abiotic stresses like drought, temperature, and salinity, usually reduce
crop yield [18]. It has been approximated that crops reach only 25% of their likely
yield, because of the damaging effects of environmental stresses [7]. Water shortage
induces a set of physiological and biochemical reactions in plants, depending on the
severity and duration of the stress occurrence, and also on the plant developmental
stage and morphology [3, 39]. As an adaptive and protection mechanism, plant hor-
monal and signaling networks are involved in various ways to manage stress under
different abiotic conditions [32].

Environmental stress induces the accumulation of reactive oxygen species (ROS)
in the cells, which can cause severe oxidative damage in the plants, thus inhibiting
growth and grain yield [28, 42]. Whether ROS will act as damaging or signaling
molecule depends on the delicate equilibrium between ROS production and scaveng-
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ing [31]. When environmental condition is favorable for plants, ROS is constantly
generated at low levels scavenged then by various antioxidant mechanisms [14].
However, higher production of ROS under environmental stresses can damage the
cells by peroxidation of lipids, oxidation of proteins and enzyme inhibition [41]. To
avoid potential damage caused by ROS to cellular components, as well as to maintain
growth, metabolism, development, and overall productivity, the balance between
production and elimination of ROS at the intracellular level must be rigorously regu-
lated. This detoxification of ROS could be achieved by enzymatic and non-enzymat-
ic antioxidants [26, 27].

Brassica oilseeds are the major world source of vegetable oil. These crops repre-
sent a substantial contribution to the production of food, and almost their all parts are
used in human livelihood. Its oil has special fatty acid profile and rich source of
natural anti-oxidants and other cytotoxic phytochemicals. However, over the past
couple of decades Brassica oilseeds has become a more dependable source of erucic
acid [44]. Brassica developes will in high rainfall areas, whereas it grows, little in low
rainfall areas [37]. Reduction of the yield of Brassica due to drought stress has been
reported by a number of authors [24, 33]. However, the influence of various exoge-
nous growth regulators in alleviation of drought stress is still less known.

Polyamines are unsaturated hydrocarbons, with two or more primary amino
groups. The diamine putrescine and triamine spermidine are ubiquitous in nature [40]
and involved in a variety of processes, such as transcription, RNA and protein syn-
thesis and enzyme activation [45]. A number of physiological regulatory process
involved in the control of cell division, embryogenesis, root formation, fruit ripening,
perception of biotic and abiotic stress response are modulated by polyamines [22].
Moreover, polyamines are effective in the up- and downregulation of physiological
activities under environmental stresses [40]. However, polyamine application for
down regulating the oxidative stress is less studied. Therefore, it could be hypothe-
sized that polyamines could interacting with cellular redox processes in tissues to
reduce ROS-induced oxidative damage. The mechanism of such polyamine mediated
resistance to oxidative stress is not clear so far. Thus, this research was carried out to
investigate the possible roles of putrescine and spermidine in alleviating drought and
oxidative stress of Indian mustard (Brassica juncea L.).

MATERIALS AND METHODS
Experimental design

A pot experiment was performed as factorial based on randomized complete block
design with three replications in a glass greenhouse at the University of Tabriz, to
investigate the effects of 1 mM Spermidine (SPD) and 1 mM Putrescine (PUT) on
Indian mustard subjected to water limitation (100, 75, 50 and 25% of field capacity).
Each pot was filled with 1 kg perlite and then 30 seeds were sown in 1 cm depth of
each pot. All 36 pots were placed in a greenhouse with natural light and photoperiod.
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Day—night mean temperatures were 25-22 °C and relative humidity was 35-40%.
After seedling establishment, plants were thinned to keep 10 plants per pot. The pots
were weighed regularly, and the loss of water was compensated by Hoagland solution
to achieve 100% field capacity (FC). The polyamines were sprayed on plants up to
run off from leaves, once at vegetative stage and once at full-flowering. At the same
time control plants were sprayed by tap water. A week after the last treatment, a plant
from each pot was harvested and laboratory tests were performed.

Photosynthetic pigments

The content of Chl a, b and total chlorophyll, as well as carotenoids in leaves as
measured by the method of Arnon [2]. The fresh leaves were cut and 0.2 g from each
sample was placed in a tube containing 10 ml of 80% acetone at 4 °C for 24 h. The
extracted samples were centrifuged at 10,000 g for 5 min. Absorbance of the super-
natant (upper layer) was read at 645, 663, 480 and 510 nm by a spectrophotometer
(Model Analytik Jena Spekol 1500, Germany).

Leaf water content

A plant was taken from each pot just before flowering. All the leaves were detached
from the stem and weighed. Thereafter, the leaves were oven dried at 80 °C for 24 h
and re-weighed. The leaf water content was calculated as [(FW-DW)/FW]x 100,
where FW and DW are leaf fresh and dry weights, respectively.

Proline

The method of Bates et al. [4] was used to measure proline content of Brassica leaves.
The 500 mg of a leaf sample was homogenized in 5 ml of 3% sulphosalycylic acid
and thereafter 2 ml of the extracted sample was poured into a plastic tube and then 2
ml of glacial acetic acid and 2 ml of ninhydrin were added to this mixture. The sam-
ples were heated at 100 °C for an hour in a Bain Marie (BM-15 Bain Marie, Magapor
SL, Spain). Then the samples were cooled to room temperature and the mixture was
extracted with toluene, and the absorbance of upper layer was measured at 520 nm.
Proline content of leaves was determined with the calibration curve of pure proline
and expressed as mg g-! fresh weight (FW).

Glycine betaine

For measuring the glycine betaine (GB) content in leaves, 500 mg of leaf samples
were ground and mixed with 5 ml of toluene-water mixture (0.05% toluene) in a 20
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ml plastic tube. All of the tubes were shaken for 24 h at room temperature (25 °C).
A 1 ml of 2 N HCI and 0.1 ml of potassium tri-iodide solution was added to 0.5 ml
of the sample and shaken in an ice-cold water bath for 90 min. Upper aqueous layer
was removed and the optical density of the organic layer was read at 365 nm. Glycine
betaine content was calculated by a standard curve and expressed as mg g! dry
weight (DW) [17].

Soluble sugars

The soluble sugar content of leaves was measured by the method of phenol sulphuric
acid [21] and expressed as mg g~! DW, by a calibration curve of pure glucose.

Antioxidant enzymes activities

For measuring soluble protein content, 1000 mg of leaf samples were homogenized
with 4 ml Na-phosphate buffer, then centrifuged at 12,000 g for 10 min. Supernatants
were collected and the absorbance was recorded at 595 nm [8], using a UV-VIS spec-
trophotometer.

The activity of peroxidase (POX) was measured by the change of absorption at 470
nm due to guaiacol oxidation. The activity was assayed for 2 min in a reaction solu-
tion containing 2.5 ml of 50 mM potassium phosphate buffer (pH = 7.0), 1 ml of 1%
guaiacol, 1 ml of 1% H,0, and 0.3 ml of enzyme extract [16]. The enzyme activity
was calculated using the extinction coefficient of tetra-guaiacol (26.60 mM-! cm!
extinction coefficient).

Ascorbate-peroxidase (APX) activity was measured by the method of Nakano and
Asada [30] with monitoring the decrease in absorbance at 290 nm and expressed as
Ug! FW. Superoxide dismutase (SOD) activity was measured as the volume of
enzyme affecting 50% of the maximum inhibition of decrease in nitro blue tetrazo-
lium. Catalase (CAT) activity was estimated by alterations in absorbance at 240 nm
(Ug ' FW) [43].

The activity of superoxide dismutase (SOD) was determined according to
Giannopolitis and Ries [15]. A reaction mixture containing 200 pL of 50 mM potas-
sium phosphate buffer (pH = 7.8), 300 uL of 12 mM methionine, 300 puL of 75 uM
NBT and 1 mL of 50 mM Na,CO; was used as control. 300 pl of the enzyme extract
were added to the same mixture, and then 30 puL of 1 uM riboflavin were mixed with
each of the mixtures. The tubes were shaken and placed 30 cm far from light source
consisting of a 40 W fluorescent lamps. The reaction was allowed to run for 15 min
and then stopped by switching off the light. The tubes were immediately covered with
a black cloth. The absorbance was recorded at 560 nm. A non-irradiated reaction
mixture which did not develop a color, considered as the control. In the presence of
SOD, the reaction was inhibited and the extent of inhibition was used to quantify the
enzyme. The absorbance of enzyme extract volume corresponding to 50% inhibition
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of this reaction was estimated and considered as one enzyme unit. The specific
enzyme activity was measured as unit per mg ! protein.

Malondialdehyde

Malondialdehyde (MDA) content (mmol g-! FW) of the leaves was measured accord-
ing to the method of Janero [19]. A leaf sample (0.5 g) was homogenized in 5 ml of
5% trichloro-acetic acid. Then the homogenate was centrifuged at 1800 g for 10 min
at 25 °C. The supernatant was mixed with 2 ml 2-thiobarbituric acid (TBA), and then
the tubes were heated in a Bain Marie for 10 min at 98 °C. Thereafter, the sample was
cooled at room temperature and it was again centrifuged at 1800 g for 10 min. The
absorbance of supernatant was read at 532 nm. A calibration curve was used to esti-
mate malondialdehyde content as mmol g-! FW.

Electrolyte leakage

Leaf membrane damage was determined by recording electrolyte leakage (EL) as
described by Valentovic et al. [47] with a few modifications. Plant material (0.5 g)
was washed by deionized water and placed in tubes containing 20 ml of deionized
water, and then incubated for 24 h at 25 °C. Subsequently, the electrical conductivity
of the solution (L1) was measured Leaf samples were then autoclaved at 120 °C for
20 min and the final conductivity (L2) was measured after equilibration at 25 °C. The
EL was calculated as: EL (%) = (L1/L2)*x 100 .

Statistical analysis
The data were analyzed by MSTAT-C software after normality test. The means were

compared by Duncan multiple range test at p<0.05, and the figures were drawn by
Excel.

RESULTS
Photosynthetic pigments

Chlorophyll a, b, the ratio of a/b and carotenoids were significantly affected by
drought stress and growth regulators. Chlorophylls a and b contents were decreased,
but the ratio of a/b and carotenoid content were increased by decreasing water avail-
ability (Table 1, Fig. 1). Foliar applications of polyamines, particularly spermidine,
improved the chlorophylls a and b content, while the ratio of a/b was diminished by
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The effects of drought stress and polyaminiibf)il ]photosynthetic pigments of Indian mustard
Treatment (mgC;1] %w) (mgcf;l] IIJJW) Chl a/b
(% FC)

100 2.02a 1.14 a 1.78 ¢

75 1.81b 092b 1.95b

50 1.64 ¢ 0.83 ¢ 1.98 b

25 1.53d 0.70 d 2.18a
Polyamines

Water 1.66 b 0.817 b 2.07 a

Spermidine 1.81a 0.959 a 191b

Putrescine 1.78 a 0.930 a 1.93b

Different letters in each column indicate significant difference at p<0.05.
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Fig. 1. Changes in carotenoids of mustard leaves affected by spermidine and putrescine under different
levels of water supply
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these growth regulators. Foliar sprays of spermidine and putrescin increased carote-
noids content of the Indian mustard under limited irrigation conditions (Fig. 1).

Leaf water content

The interaction between water supply and growth regulator was significant regardity
leaf water content. The LWC was decreased by enhancing drought stress. Foliar
sprays of spermidine and putrescin increased the relative water content of the Indian
mustard under limited irrigation conditions. This improvement was more evident
under moderate and severe water limitations, and spermidine proved generally to be
the superior treatment (Table 2).

Proline and glycine betaine

The interaction between drought stress and polyamines was also significant for the
proline and GB contents of mustard leaves. Proline and GB contents of leaves were
elevated by declining water supply. Foliar sprays of polyamines had no significant
effect on proline and GB contents under normal watering, while proline content was
decreased and GB content was enhanced by these growth regulators under stressful
conditions (Table 2).

Table 2
The effects of drought stress and polyamines on relative water content (RWC), proline, glycine-betaine,
soluble sugars and proteins of Indian mustard

Irrigation Hormonal RWC Proline Glycine betaine | Soluble sugars | Soluble proteins
(% FC) treatment (%) (mg g ' FW) (mg ¢! FW) (mg g”! DW) (mg g' FW)
Water 90.8 a 10.72 1 1917 h 756 ¢ 354¢
100 Spermidine 89.6 ab 10.67 i 1.833 h 779 ¢ 331g
Putrescine 88.2b 111 2.1h 745 ¢ 340 g
Water 83.5d 38.46¢ 358¢g 11.45f 721f
75 Spermidine 853 ¢ 21h 38 1fg 12.1¢f 8.21 cde
Putrescine 84.1cd 2341 ¢ 39 fg 13.8 ¢ 8.84 cde
Water 694 g 49.85d 543 ¢ 19.97d 7.51 ef
50 Spermidine 772 e 36.24 f 6.66 ¢ 20.45d 10.27 b
Putrescine 733 f 38.13 e 6.2d 225¢ 8.03 def
Water 57.5] 60.33 a 6.56 ¢ 32240 9.00 ¢
25 Spermidine 66.3 h 5325¢ 733 b 3524 a 11.98 a
Putrescine 64.41 56.37b 7.7a 3435a 10.54 b

Difterent letters in each column indicate significant difference at p < 0.05.
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Soluble sugars and protein

The interaction between drought stress and polyamines was also significant for the
proteins and soluble sugars contents of mustard leaves. Foliar sprays of polyamines
had no significant effect on proteins and soluble sugars under normal watering, while
their level was enhanced by polyamines under stressful conditions (Table 2).

Antioxidant enzymes activities

The interaction between water supply and hormonal treatment was also significant for
the antioxidant enzyme activities of mustard leaves. POX, CAT, SOD and APX
activities enhanced with increasing drought stress. Treatments of plants with SP and
PUT under normal conditions did not show any significant effect on POX, CAT, SOD
and APX activities. However, these treatments improved the antioxidant enzyme
activities of plants by 7.5—124%, depending on enzyme and polyamine types and also
on stress level (Table 3).

Lipid peroxidation

The interaction between water supply and polyamines was also significant for the
MDA and EL of mustard leaves. MDA and EL content enhanced with increasing
drought stress. Polyamine treated plants showed lower EL and MDA content under
stressful conditions.

Table 3
Changes in antioxidant enzymes activities, lipid peroxidation (MDA) and electrolyte leakage (EL)
of mustard leaves affected by spermidine and putrescine under different levels of water supply

Irrigation | Hormonal CAT APX SOD POX MDA EL
(% FC) treatment (Ug!'FW) | (Ug'FW) | (Ug!'FW) | (Ug!'FW) | (mmol g-!' FW) (%)
Water 0.09 h 0.53e 0.70 e 0.30i 0.82 h 17.70j
100 | Spermidine 0.09 h 0.50 e 0.60 e 0.28i 0.90 h 16.73 k
Putrescine 0.13 h 0.55e 0.64 ¢ 0301 0.81 h 17.43 jk
Water 050¢g 0.76 de 0.85e 1.72 h 2.50e 26.70 g
75 Spermidine 1.12e 1.06 de 098 e 2.00¢g 130 g 20.70 i
Putrescine 0.78 £ 1.30d 0.96 ¢ 191¢g 2.10f 22.00 h
Water 1.83d 3.60c 1.70d 283 f 4.60c 35.00d
50 Spermidine 2.63 ¢ 436 b 2.50 ¢ 320e 4.06 d 30.17 e
Putrescine 2.06d 533 a 250¢ 3.52d 426d 28.83 f
Water 3.06b 4400 2.70 be 4.00 ¢ 6.66 a 41.00 a
25 Spermidine 370 a 5.56a 3.00 ab 4.71a 590b 36.00 ¢
Putrescine 330D 5.46a 3.13 ab 430b 6.06 b 38.0b

Different letters in each column indicate significant difference at p<0.05.
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DISCUSSION

Water limitation is an important factor restricting plant production in many areas of
the world. The plant response to water deficit is either adoptive or detrimental,
depending on severity and duration of stress, plant developmental stage and species
[11]. Plants under stress alter their metabolic and physiological function to mitigate
deleterious effects and prolong survival [3].

Decreasing chlorophyll a and b contents under water stress may be associated with
increasing the activity of chlorophyllase and ethylene production. Improving chloro-
phyll a, b and caroteonid levels by foliar sprays of polyamines in Indian mustard
(see Table 1) was possibly achieved by prevention of Chl loss and preservation of
thylakoid membrane structure [1, 5, 12]. It seems that the strongly cationic polyam-
ines may exert their effect by preserving thylakoid morphology and Chl levels
through an interaction with the negatively charged loci in the membranes [28].

The enhancement of the leaf water content of the Indian mustard due observed
following drought stress (see Table 2), can be attributed to cell wall elasticity [23].
The considerable increment of leaf water content by polyamine application under
different levels of watering (Table 2) is most likely resulted in the higher osmotic
regulation of plant tissues with lower elasticity caused by these growth regulators
[38]. The maintenance of adequate leaf water status is important for proper physio-
logical and biochemical functioning. Maintaining cell membrane stability is also
crucial for proper cellular functions, and electrolyte leakage has been widely used to
estimate cell membrane stability [6, 36].

Leaf proline content was slightly increased in Indian mustard under different irri-
gation treatments (Table 2). This can help plants maintain water absorption and cell
turgor pressure under drought stress [50]. A number of studies showed that proline
was positively correlated with osmotic adjustment during drought stress in other plant
species [20, 35, 49]. Reduction of proline content by exogenous application of putres-
cine and spermidine under stressful conditions observed in our study could be caused
by the induction of their gene expression [46, 51]. This could be favorable for chlo-
rophyll synthesis, since chlorophyll and proline are both synthesized from the gluta-
mate. Polyamines can protect plants from stress injuries through their roles in
osmotic adjustment, removing reactive oxygen species and maintaining membrane
stability [9].

The glycine betaine (GB) content of Indian mustard was improved by foliar spray
of polyamines, which may be an adaptive feature for maintaining the water balance
under water stress. GB is synthesized in response to salinity or drought stress in some
plant species, that regulates osmotic potential (Ws) and facilitate cellular turgor main-
tenance [29]. Recently, Chen and Murata [10] have proposed that GB could be also
involved in inhibiting ROS accumulation, protecting membrane and photosynthetic
machinery, and activating some stress related genes.

Rising soluble sugar levels under stressful conditions see can be related with
increasing invertase activity in the mustard. Soluble sugars were shown to act as
osmo-regulators and also to stabilize membrane structure, contributing to drought
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tolerance of plants [3]. Increasing soluble protein content observed following water
limitation may be associated with the expression of dehydrin-like proteins under this
condition [13].

Among the enzymatic antioxidants, superoxide dismutase (SOD) scavenges O,
free radicals converting them into H,O,. Then, catalase (CAT) and peroxidase (POD)
scavenge H,0, into H,O and O, [48]. Although the activities of antioxidant enzymes
(SOD, APX, CAT and POX) in Indian mustard were elevated by drought stress, an
additional of increase these activities was achieved by foliar application of SPD and
PUT. MDA and EL leaves were also enhanced under water stress, more likely due to
the peroxidation of lipids and membrane damage. This is a consequence of enhancing
reactive oxygen species (ROS) in plants subjected to water deficit. Reduction of
MDA and EL contents by SPD and PUT treatments is a direct result of improving
antioxidant enzymes activities by these growth regulators.

CONCLUSION

Water limitation decreased chlorophyll a and b contents but increased the ratio of Chl
a/b and carotenoids in Indian mustard. However, exogenous polyamines enhanced
chlorophyll a and b and carotenoid contents, while reduced the ratio of Chl a/b.
Polyamines also improved relative water content, glycine betaine, proteins and solu-
ble sugars, but deduced proline content under drought stress. The activity of antioxi-
dant enzymes (POX, CAT, SOD and APX) was elevated by water deficit and polyam-
ines, leading to lower electrolyte leakage and lipid peroxidation (less MDA) under
drought stress. Therefore, foliar sprays of putrescine and spermidine can mitigate
some of the harmful effects of water limitation in Indian mustard.
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