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Abstract

The protective effects of spermine (SPM) and putrescine
(PUT) against paraquat (PQ), a herbicide in agriculture and ox-
idative stress inducer, were investigated in the leaves of maize.
Maize leaves were pretreated to SPM and PUT at concentra-
tions of 0.2 and 1 mM and treated with PQ afterwards. Pretreat-
ment with 1 mM of SPM and PUT significantly prevented the
losses in chlorophyll and carotenoid levels induced by PQ.
Ascorbic acid content in the leaves pretreated with both
polyamines was found to be higher than those of the leaves
pretreated with water. Also, pretreatment with SPM and PUT
was determined to have some effects on the activities of
superoxide dismutase (SOD) and peroxidase (POD). 1 mM of
SPM increased SOD activity, but PUT has no significant effect
on SOD activity. On the other hand, POD activity was re-
corded to increase slightly in response to both concentrations
of SPM and 1 mM of PUT. The results showed that such
polyamine pretreated plants may become more tolerant to oxi-
dative stress due to increases in the antioxidative enzymes and
antioxidants.

List of abbrevations: EDTA: Ethylenediamine
tetra acetic acid, NBT: Nitroblue tetrazolium,
POD: Peroxidase, PQ: Paraguat, PUT: Putrescine,
ROS: Reactive oxygen species, SOD: Superoxide
dismutase, SPM: Spermine.

Introduction

Crop loss due to environmental stresses is the pri-
mary source of decrease in agricultural productiv-
ity. The reason is partly due to oxidative stress that
is the overproduction of reactive oxygen species
(ROS) in plant cells under these environmental
conditions. Abiotic and biotic stresses (pollutants,
herbicides, extremes of temperature and high light,
high O2 pressures, salinity and pathogen invasion)
all cause increases in toxic ROS in plant cells
(Sakaki et al. 1983, Kenylon and Duke 1985). The
containment of ROS has proved to be important for
problems as diverse as aging and cancer in human
health and crop loss in agriculture. Therefore, un-
derstanding of oxidative stress and antioxidant de-
fense mechanisms and alleviation of oxidative
damage are important for plant productivity. It has
been proposed that polyamines could take part in
cellular defense mechanism against oxidative dam-
age through the inhibition of lipid peroxidation
(Tadolini 1988). In addition, polyamines are well
known for their anti-senescence and anti-stress ef-
fects due to their acid neutralizing and antioxidant
properties, as well as to their membrane and cell
wall stabilizing abilities (Velikova et al. 2000).
Free radical scavenging properties of polyamines
have also been documented (Drolet et al. 1986).
Despite extensive studies on polyamine metabo-
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lism, the exact role that these compounds play in
plant physiology remains unclear (Tiburcio et al.
1997).

Paraquat herbicidal activity in higher plants is
thought to be the result of increased amount of
superoxide radical. Paraquat accepts an electron
from the primary electron acceptor of photosystem
| to become a reduced free radical which rapidly re-
acts with oxygen to form the superoxide radical
(Dodge 1994). Superoxide serves as a source of hy-
drogen peroxide and the highly active hydroxyl
radical. Thus, toxicity of paraquat stems from the
generation and activity of oxygen species that lead
to oxidative stress in biological systems. Reactive
oxygen species can react with numerous cell com-
ponents causing inactivation of enzymes, pigment
bleaching, lipid peroxidation, and proteolysis.
Thus, they need to be scavenged for maintenance of
normal plant growth. Plant cells contain substances
such as glutathione, ascorbic acid and carotenoids,
and also enzymes like superoxide dismutase (SOD;
EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7), glu-
tathione reductase (GR; EC 1.6.4.2) which partici-
pate in scavenging ROS (Halliwell 1982). The pri-
mary scavenger is the enzyme superoxide dismu-
tase which converts superoxide to hydrogen perox-
ide (Asada and Kiso 1973). This toxic product of
SOD is removed by POD. Enhanced production of
oxygen free radicals is responsible for peroxidation
of membrane lipids and the degree of peroxidative
damage of cells was controlled by the potency of
the antioxidative POD enzyme system (Sreeniva-
sulu et al. 1999). In several plant species paraquat-
tolerance was correlated with increased capacity of
enzymes detoxifying activated oxygen species
(Shaaltiel et al. 1988; Furusawa et al. 1984). Corre-
spondingly, paraquat tolerance in Conyza, Lolium
or Nicotiana was also accompanied by a cross-tol-
erance to other environmental factors involving ox-
idative stress, such as SOz or ozone (Shaaltiel et al.
1988; Tanaka et al. 1988).

In this study we investigated if prior exposure to
SPM and PUT may protect plants against exposure
to paraquat and if this protection may be related to
antioxidative enzyme activities and antioxidant
levels.
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Materials and Methods

Plant material and treatments

Maize (Zea mays L. cv RX 947) seeds which were
obtained from Agriculture Research Center in
Trabzon were sown in plastic pots (11 cm high, 23
cm top and 13 cm bottom diameter) filled with soil
and sand (5:1). They were maintained in a growth
chamber under a 16-h light/8 h dark regime with a
light intensity of 350 UE-m™2-s'1, 75 % relative hu-
midity, and day/night temperatures of 25/22 °C.
Ten day-old maize plants were sprayed until run off
with SPM and PUT at 0.2 and 1 mM concentra-
tions, each containing 0.05 % Tween 20 as a surf-
actant once daily for 4 days. Then, for paraquat
treatment, leaves of 14-d-old plants were exposed
in a surface application to 104 M paraquat (methyl
viologen) in a 0.05 % solution of the Tween 20 for
24 h into the light period. Control plants were
sprayed with 0.05 % Tween 20 in distilled water.
Foliar samples were collected for analyses at 8, 12
and 24 h following PQ application, immediately
frozen in liquid nitrogen and stored at —20 °C for
determination of enzyme activities. All treatments
were repeated at least three times on different days.

Determination of chlorophyll and carotenoids

For chlorophyll and carotenoid determinations, the
leaves were homogenized in 5 ml of 80 % acetone
and centrifuged at 3000 rpm for 5 min. The optical
density of the supernatant was read at 450, 645 and
663 nm with a spectrophotometer. The amounts of
total chlorophyll and carotenoids were estimated
according to Arnon (1949) and Jaspars (1965),
respectively.

Determination of ascorbic acid

The determination of ascorbic acid was performed
using the procedure of Shieh and Sweet (1979) with
pure ascorbic acid as the standard. Two g samples
were homogenized with 0.01 M phosphate-citric
acid buffer, pH 3.0, filtered and centrifuged at 5000
rpm, for 5 min at 25 °C. The supernatant was used
to determine the ascorbic acid content. The assay
mixture consisted of 0.5 ml of 0.01 M phosphate-
-citric acid, pH 3.0, 2.4 ml of 2,2'-Cu-biquinoline
solution (1.0 mM 2,2‘-biquinoline and 0.38 mM
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CuCl,-2H,0) and 0.1 ml of the plant extract.
Ascorbic acid content was determined spectropho-
tometrically at 540 nm.

Determination of SOD activity

Leaf tissue (0.5 g) was ground to a powder in liquid
nitrogen and then homogenized in 5 ml of cold 50
mM phosphate buffer (pH 7.0), containing 1 mM
EDTA, 0.05 % triton, 2 % polyvinylpolypyrro-
lidone, and 1 mM ascorbic acid. The homogenate
was filtered through two layers of cheesecloth and
centrifuged at 20000 g for 20 min at 4 °C. The
supernatant was used for enzyme analyses.

SOD activity assay was based on the method of
Beauchamp and Fridovich (1971) as modified by
Dhindsa and Matowe (1981), which measures the
inhibition in the photochemical reduction of nitro-
blue tetrazolium (NBT). In the spectrophotometric
assay the 1 ml reaction mixture contained 50 mM
phosphate buffer (pH 7.8), 0.1 MM EDTA, 13 mM
methionin, 75 uM NBT, 2 uM riboflavin and 50 pl
of the plant extract. Riboflavin was added last and
the reaction was initiated by placing the tubes under
fluorescent white light. The reaction was termi-
nated after 10 min by removal from the light source.
Reaction product was measured at 560 nm. The
volume of supernatant corresponding to 50 % inhi-
bition of the reaction was assigned a value of 1 en-
zyme unit.

Determination of POD activity

0.5 g leaf tissue was ground to a powder in liquid
nitrogen and then homogenized in 5 ml of cold 0.2
M sodium phosphate buffer (pH 7.0). The homoge-
nate was filtered through two layers of cheesecloth
and then centrifuged at 20000 g for 20 min at 4 °C
(Canal et al. 1988). The supernatant was assayed
for the enzymatic activity. Peroxidase activity was
measured using a modification of the procedure de-
scribed by Rodriguez and Sanchez (1982). The as-
say mixture contained 1.4 ml of 0.05 M phosphate
citrate buffer (pH 4.6), 1 ml of 40 mM guaiacol and
0.5 ml of 26 MM H»05. The mixture was incubated
for 15minat 25 °C. The assays were initiated by the
addition of the enzyme extract and the formation of
the oxidized tetraguaiacol polymer was monitored

at 420 nm for 3 min. Peroxidase activity was ex-
pressed as DA4o¢/min/g fresh weight.

Statistical analysis

Analysis of variance of data was evaluated by the
Statistical Package for Social Sciences (SPSS for
Windows 9.0). DUNCAN’s Multiple Range Test
was employed to determine the statistical signifi-
cance of differences among the means.

Results

Bipyridyl herbicides such as paraquat are redox-
-active compounds that become reduced within the
cell and subsequently transfer their electrons to ox-
ygen forming the superoxide anion. Their main ac-
tivity is exhibited in the light, where photosystem |
is responsible for their reduction. In this study the
plants were illuminated for 8, 12 and 24 h after they
were sprayed with PQ. Physiological injuries in-
cluded bleached and necrotic spots on the adaxial
surface of the leaves were observed. Visible effects
were dependent on exposure time. Until 8 h of con-
tinuous illumination plants treated with 100 pM PQ
still looked healthy, but after that time the leaves
began to tilt and, bleached and necrotic spots be-
came evident. Visible leaf injury developed on all
leaves within 24 h after treatment with PQ. A lower
degree of leaf injury appeared on leaves pretreated
with SPM and PUT at concentration of 1 mM.

Effects of SPM and PUT on photosynthetic pig-
ment contents

Changes in photosynthetic pigment levels in maize
leaves were determined for 8, 12 and 24 h after they
were sprayed with PQ. A decrease in chlorophyll
level induced by PQ was observed after 12 h of
treatment (Table 1). Also, following of the treat-
ment with 100 uM PQ, carotenoid contents of the
leaves were significantly decreased (Table 2). After
24 h of treatment, total chlorophyll and carotenoid
contents decreased by 41.6 % and 39.7 % in PQ-tre-
ated leaves compared to the control, respectively.
In order to test if polyamines protect the leaves
against photosynthetic pigment losses, leaves were
pretreatment with SPM and PUT at concentrations
of 0.2 and 1 mM, and then they were sprayed with
PQ. Chlorophyll loss was significantly prevented
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Table 1. Total chlorophyll content in the leaves pretreated with poly- PUT was more than that of unpretreated

amines and treated with PQ afterwards.

leaves. Trends in carotenoid content were

Total chlorophyll content (mg/ g dry weight)
Hours after PQ treatment

similar to those observed for chlorophyll.
Leaves pretreated with 1 mM of PUT and 1

mM of SPM had significantly higher caro-

Treatments 8 12 24 A A

Control 26.49 + 0.48 ab 27.25 + 0.4* b 25.95 +3.64¢ tenOId contents than thOSE pretreated \_Nlth
Paraguat (PQ) 2211:054a  20.45:026a 1515+ 1.28a water after 24 h of PQ_ trga_tment. That is, 1
SPM (0,2 mM) +PQ 2681 +203ab  2409+306ab 2048+ 027b mM of P_UT and SPM S'gmflc_antly prevented
SPM (1 mM) +PQ 2780:084b 2656+ 0.59b 2156 + 096 b the loss in carotenoid levels induced by PQ.
PUT (0,2 mM) +PQ 2823:371b  2228:395ab 1817 :0.91ab There was no statistical difference in
PUT (1 mM) +PQ 2800:229b  27.49+416b 2001 £2.42 b carotenoid contents between the leaves pre-

*Standard deviation of average of four replications. Values followed by different letters are

significantly different from each other (P=0.05) according to Duncan’s test.

Table 2. Carotenoid contents in the leaves pretreated with polyamines

and treated with PQ afterwards.

treated with 0.2 mM of SPM and those pre-
treated with water.

Effects of SPM and PUT on ascorbic acid
content

Carotenoid contents (mg/ g dry weight)
Hours after PQ treatment

Ascorbic acid content was significantly re-
duced after PQ treatment. For example, it

Treaments ’ v 2 was found that ascorbic acid level decreased
e IS e G e wasagpienserdinor
B o o treatment. SPM and PUT significantly re-
SPM (0,2 mM) +PQ 5.26 £ 0.09 a 4,71 +£0.02 ab 4,01+0.40ab R . . .
SPM (1 mM) +PQ 6.10+042a 5.66+1.14 ab 431+0.23b Ver_sed PQ__Inquced ascorb!c aCId I‘edUCtIOI’]
PUT (0,2 mM) +PQ 6.07+0.83a 5.06 + 0.08 ab 4.50 £ 0.07 be by IncreaSIng Its content Wlth respeCt to that
PUT (1 mM) +PQ 612£009a  569+097ab 4.94+007¢ of PQ-treated leaves. Especially, 1 mM of

*Standard deviation of average of four replications. Values followed by different letters are

significantly different from each other (P=0.05) according to Duncan’s test.

Table 3. Ascorbic acid content in the leaves pretreated with polyamines

and treated with PQ afterwards

SPM and PUT significantly prevented the
decrease in ascorbic acid content. After 24 h
of PQ treatment, leaves pretreated with 1
mM of SPM and PUT had 1.5 and 1.7-fold
higher ascorbic acid level, respectively, than

Ascorbic acid content (mg/ g dry weight)

Hours after PQ treatment

those pretreated with water (Table 3).

Effects of SPM and PUT on SOD activity

Treatments 8 12 2
Eontrol P Z?li %ii*c zzi t 3;‘;‘ b izz * 223 ¢ The results of investigations into the effects
) . . o .

araquat (PQ) OL20.17a 060622 oEDera of SPM and PUT on SOD activity in maize

SPM(02mM)+PQ  431:084b  382:067ab 276+041b leaves under oxidative stress are shown in

SPM (1 mM) +PQ 412+0.26b 4.03+0.80ab 3.05+0.30b F 1 SOD t t d ” H d

PUT (0,2 mM) +PQ 392+009ab  3.78+0.06ab 295+027b Igure L. activTry gredua’ly Increase

T (L 27 i1s018b 075012, 398 050 b after the plants were treated with PQ but sta-

*Standard deviation of average of four replications. Values followed by different letters are

significantly different from each other (P=0.05) according to Duncan’s test.

by SPM pretreatments. It was determined that espe-
cially 1 mM of SPM significantly decreased chlo-
rophyll loss as compared with the leaves treated
with PQ. At the end of the experiments, the loss of
total chlorophyll in the leaves treated with PQ was
41.6 % whereas in the 1 mM concentration of
SPM-pretreated leaves was 16.9 %. Also, chloro-
phyll level of the leaves pretreated with 1 mM of
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tistically significant increases were recorded
at 12 and 24 hrs. Pretreatment with SPM and
PUT at concentrations of 0.2 and 1 mM in-
creased SOD activity after 8 h of PQ treatment and
it was recorded that 1 mM of SPM had a positive ef-
fect on the maintenance of SOD activity after 12
and 24 hrs of PQ treatment. Pretreatment with PUT
was determined to have insignificant effect on SOD
activity at 12 and 24 hrs.
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Effects of SPM and PUT on POD activity

POD activity was increased slightly by the
treatment of the leaves with PQ. After 24 h
of PQ treatment, POD activity increased
15.7 %. Pretreatment with both concentra-
tions of SPM increased POD activity. Also,
the increase in POD activity in the leaves
pretreated with 1 mM of PUT was found sta-
tistically significant. However, pretreatment
with 0.2 mM of PUT had no significant ef-
fect on POD activity (Fig. 2).

50D Actwwity (g fresh weight)

Discussion

180

135 A

as o [

o0 4 |i
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[
b h
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24

Polyamines play an important role in a wide
range of biological processes, including
growth, development and stress responses
of plants (Martin-Tanguy 2001). Although

Fig. 1. Changes in SOD activity in maize leaves pretreated with poly-
amines and treated with PQ afterwards. (Vertical bars represent standard
deviation of the means of four replicates. Within each hour, the data fol-
lowed by the same letters are not significantly different at P=0.05).

they appear to be involved in awide range of
plant processes, their exact role is not com-
pletely understood (Bais and Ravishankar
2002). In this study, the protective effects of
polyamines against oxidative stress of
maize leaves were investigated. Oxidative
stress was induced by treating the plants
with the herbicide PQ. In our study, 100 uM
PQ induced oxidative damage in maize
leaves incubated under continuous light for
24 h. PQ treatment caused stress symptoms
including bleached and necrotic spots on the
adaxial surface of maize leaves. These ef-
fects appeared with a lower degree of leaf

Peroxidase Activity (AA4/min/g fresh weight)

0O Control
BFPQ

00,2 mbd 3P
M1 mh 3P

mo,2 mhPUT
B1 mhI FUT

C

AL

7

24
Time (Hour)

injury on the leaves pretreated with SPM
and PUT at concentration of 1 mM. Simi-
larly, leaf necrosis caused by ozone in to-
mato and tobacco plants could be prevented
by exogenously supplying putrescine,
spermidine and spermine (Ormrod and
Beckerson 1986, Langebartels et al. 1991). Also,
data presented in our study showed that pretreat-
ment of maize leaves with either SPM or PUT re-
duced the damage produced by PQ to different de-
grees, according to the studied parameter and the
polyamine tested.

Chlorophyll loss, observed as a consequence of PQ
treatment, was significantly prevented in maize
leaves by the exogenous addition of SPM and PUT

Fig. 2. Changes in POD activity in maize leaves pretreated with poly-
amines and treated with PQ afterwards. (Vertical bars represent standard
deviation of the means of four replicates. Within each hour, the data fol-
lowed by the same letters are not significantly different at P=0.05).

at concentration of 1 mM. It was also reported that
PQ treatment caused significant losses of chloro-
phyll in other plants (Noctor et al. 1998, Cakmak
and Marschner 1992). On the other hand, a major
role of oxygen radicals in chlorophyll destruction
by PQ in bean leaves was indicated (Cakmak and
Marschner 1992). Also, oxidative stress mediated
by superoxide and H,O, causes disorganization of
cellular and chloroplastic membrane (Thompson et
al. 1987) and the breakdown of chlorophyll (Knox
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and Dodge 1985). Polyamines have antisenescence
properties and prevent the loss of chlorophyll by
stabilizing the thylakoid membranes (Besford et al.
1993). In addition, polyamines might interact with
membranes by inhibiting transbilayer movement of
phospholipids (Bratton 1994).

The results presented also show that 1 mM of SPM
and both concentrations of PUT significantly de-
creased the loss in carotenoid levels induced by PQ
after 24 h of treatment. Carotenoids are known to
act as efficient quenchers of triplet chlorophyll
(Noguchi et al. 1990) and singlet oxygen (Demm-
ing-Adams 1990), and elevated amounts of these
accessory pigments in polyamines-pretreated lea-
ves should enhance the capacity to limit the damage
caused by reactive oxygen species. However,
higher chlorophyll and carotenoid contents in toler-
ant genotypes have also been reported in earlier
studies (Pastori and Trippi 1992).

In the detoxification of reactive oxygen species,
ascorbic acid is a key antioxidant such as caroten-
oids. It was determined that PQ treatment signifi-
cantly decreased ascorbic acid content in maize
leaves. Pretreatment with SPM and PUT signifi-
cantly prevented the decrease in ascorbic acid level
induced by PQ. This effect may be due to the radi-
cal scavenging ability of polyamines. Polyamines
can act directly as free radical scavengers (Drolet et
al. 1986), or function as scavengers by interacting
with other molecules such as free ferulic and caffeic
acids (Bors et al. 1989). The increment in ascorbic
acid content can increase oxidant tolerance in
plants. Because, as an antioxidant, ascorbic acid
has an important role in protection against oxida-
tive stress. It eliminates ROS through multiple
mechanisms. Ascorbic acid has the capacity to di-
rectly eliminate several different ROS including
singlet oxygen, superoxide and hydroxyl radicals
(Padh 1990). It also maintains the membrane-
-bound antioxidant a-tocopherol in the reduced
state (Liebler etal. 1986), and indirectly eliminates
H,05 through the activity of ascorbate peroxidase.
Thus, the increment of ascorbic acid content in
polyamines-pretreated maize leaves indicates an
enhanced capacity to scavenge reactive oxygen
species.
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In addition to non-enzymatic oxygen radical scav-
engers such as carotenoids and ascorbic acid,
antioxidative enzymes could also play an important
role in protection against oxidative stress. Thus, in
this study SOD and POD activities were measured
in PQ-treated leaves and it was determined that
these enzyme activities gradually increased after
PQ treatment. These results are consistent with
those obtained by Pastori and Trippi (1993) who
found increases in SOD and ascorbate peroxidase
(AP) activities in maize leaves incubated in para-
quat. However, Kirtikara and Talbot (1996) found
that AP activity in PQ-treated plants was similar to
the control and SOD level did not significantly
change in the PQ-treated tomato plants. Recent evi-
dences suggest that induction of resistance to light-
and heat-induced oxidative damage is dependent
on concurrent elevation in both SOD and POD ac-
tivities (Gupta et al. 1993). We found that the activ-
ities of both enzymes were higher in 1 mM of SPM
pretreated leaves than in the unpretreated leaves.
SOD activity in both concentrations of PUT-pre-
treated leaves did not significantly change but pre-
treatment with 1 mM of PUT increased POD activ-
ity. The increased activities of SOD and POD by
SPM or PUT may contribute to the reduction of PQ
toxicity. The importance of SOD in decreasing PQ
toxicity was demonstrated in E. coli which showed
extreme sensitivity to PQ after deletion of the SOD
gene (Carlioz and Toutai 1986). However, peroxi-
dases may be at least as important for protecting
cells against oxidative stress as is already estab-
lished for SOD. The efficient removal of hydroper-
oxides is important for cells because hydroperoxi-
des may give rise to the formation of highly reac-
tive singlet oxygen molecules and hydroxyl radi-
cals which are both known to induce lipid per-
oxidation. Also, Mehlhorn (1990) recorded that
ethylene production in plants exposed to oxidative
stress is induced in order to enhance ascorbate
peroxidase activity and thereby, plant susceptibil-
ity to oxidative stress is reduced. So, the increases
in the activity of SOD or POD induced by SPM or
PUT can contribute to the mechanism of tolerance
in plants against oxidative stress. On the other
hand, Ye et al. (1997) reported that the high levels
of PUT and high levels of antioxidant enzyme
activities in Conyza bonariensis could together
confer the highest levels of oxidant resistance.
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They suggest that both the antioxidant enzymes
and PUT might be constitutively linked at the peak
period of oxidant tolerance. However, the reason
for the increase in antioxidant enzymes, effected by
polyamines is unknown. It is possible that poly-
amines-induced increases in the antioxidant en-
zyme activities may be due to an up-regulation of
the genes controlling the synthesis of these en-
zymes or an increased activation of constitutive en-
zyme pools. Besides, it is reported that polyamines
may have effects at the gene level (Panagiotidis et
al. 1995).

In conclusion, this study shows that PQ treatment
leads to major changes in the amounts of total chlo-
rophyll, carotenoids and ascorbic acid, and the ac-
tivities of some enzymes associated with cellular
defence mechanisms against oxidative stress in
maize leaves. Pretreatment with SPM and PUT
may be reduced PQ toxicity because of increased
antioxidant enzyme activities and antioxidant lev-
els. It can be said that SPM and PUT increased the
tolerance to the oxidative stress caused by PQ in
maize leaves.
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