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Abstract

To study proline content and enzyme defense system in response to drought stress in rice, a randomized
complete block design with three replications was conducted in two separate environments (drought stress
and non-stress). The rice cultivars used included two commercial cultivars, i.e., Ahlemi Tarom (low-yield and
drought tolerant) and Sepidrood (high-yield and sensitive to drought) and three promising lines of fourth
generation mutants (high-yield and drought tolerant), namely, No. 4, 94 and 95 tested on a research farm at
Gonbad Kavous University in the 2018 crop year. Plant roots were separately sampled in each block at the
reproductive stage. The proline content and activity of the enzymes involved in the defense system, including
superoxide dismutase, catalase, ascorbate peroxidase and glutathione peroxidase were measured by
extracting from each root sample. Results indicated that the drought-tolerant mutant lines had lower proline
contents. The mutant lines and Ahlemi Tarom and Sepidrood cultivars had the highest to lowest levels of
defense enzymes in the oxidative pathway, respectively. Correlation was found between the decrease in
proline contents and increase in levels of defense enzymes of the oxidative stress pathway. The mutants
possessed reliable genetic storages for tolerance to drought stress and had a significant superiority over the
commercial cultivars at P<0.05.
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Introduction

Transferring electrons to molecular cells are among the consequences of membrane

oxygen and forming active oxygen species in plant
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electron transport in chloroplasts, mitochondria,
and plasmid membranes. Approximately, one
percent of the oxygen consumed by plants is used
to produce active oxygen species during normal
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cellular processes. On the other hand, biotic and
abiotic stresses increase the formation of various
active oxygen species in plant cells. The active
oxygen species can lead to the destruction of
oxidizers, including superoxide radicals,
perhydroxyl radicals, hydrogen peroxide, hydroxyl
radicals, alkoxyl radicals, peroxyl radicals, organic
hydroperoxides, singlet oxygen, and excited
carbonyl (Bhattacharjee, 2005). These radicals,
especially at high concentrations, have the
potential to oxidize vital cell molecules such as
proteins, nucleic acids, and fats. By damaging a cell
membrane and interfering with absorption
exchanges, these radicals can change the osmotic
potential of the cell (Golden et al.,, 2002).
However, the balanced concentration of oxygen
radicals is important in inducing the relative
adaptability of the plant to provide tolerance to
biotic and abiotic stresses. Among the known
mechanisms are the activity of the inductive
systematic tolerance and the function of the
mentioned radicals as messenger transmission
molecules in the process of gene expression
(Gautam and Stein, 2011; Larkindale et al., 2005).
Other disadvantages of the oxidative stress
include the decomposition and reduction of
protein concentrations in plant tissues which
result in an increase in free amino acids such as
proline (Ashraf et al., 1994). Generally, in many
plants, a free proline accumulation occurs in
response to the imposition of a wide range of
biotic and abiotic stresses. By osmotic adjustment,
proline can stabilize subcellular, cellular, and free
radical structures (Ozturk et al., 2012). This is why
plants use enzymatic and non-enzymatic defense
systems against these stresses. Superoxide
dismutase (SOD), catalase (CAT), Ascorbate
peroxidase (APX) and glutathione peroxidase
(GPX) are some of the most important enzymatic
antioxidants. The SOD enzyme plays a unique role
in purifying superoxide ions and converting them
into water and hydrogen peroxide (Mackerness et
al.,, 1999). Consequently, CAT, APX and GPX
convert the formed hydrogen peroxide into water
(Asada, 1990; Foyer and Harbinson, 1994; Mittler,
2002). The current study aimed to investigate
proline contents and enzyme defense systems
under normal and drought stress conditions in
rice.

Materials and Methods

Seeds of two rice cultivars, i.e., Ahlemi
Tarom (low-yield and drought tolerant) and
Sepidrood (high-yield and sensitive to drought),
and three promising lines of the fourth generation
mutants (high-yield and drought tolerant)
numbered 94, 4 and 95 were cultivated on a
research farm at Gonbad Kavous University in
2018 using a randomized complete block design
with three replications in two separate
environments, i.e., flooded and drought stressed.
When carrying out the drought stress-related
experiment, farm irrigation was completely cut off
from the day 40 after the transplantation (a stage
with maximum tillering) until the end of the
growth period (Kazerani et al., 2018; Kazerani et
al., 2019). During the experimental period,
considering the soil moisture curve proportional
to the research farm, samples were taken on days
50, 60, 70, 80 and 90 after the cultivation and soil
moistures were estimated to be 32%, 24%, 18%,
8% and 4% of the soil water content proportional
to -0.05, -0.12, -0.27, 0.72 and -1.1 MPa,
respectively (the soil moisture curve is not
presented). Since rice is sensitive to drought stress
in its reproductive stage (Yoshida, 1981), stress
was applied after its vegetative stage (the end of
the tillering stage) that is equivalent to the day 40
after transplantation. To prevent any water
penetrations from the margin of the farm,
distances between the plots were considered two
meters and a plastic cover prevented any water
penetrations. To assay the biochemical index and
antioxidant enzymes (SOD, CAT, APX and GPX) in
the reproductive stage (seeding), each plant’s root
was separately sampled in each block under the
stress and non-stress conditions.

To assay the proline content of the roots,
Bates (1973) method was used. Initially, roots (500
mg) were ground down with 10 ml of 3%
sulfosalicylic acid solution in a mortar. Then, the
mixture was filtered with filter paper and 2 ml of
the obtained extract was poured into an
experiment tube and 2 ml of ninhydrin reagent
(resulting from adding 1.25 g of ninhydrin to 30 ml
of glacial acetic acid) and 2 ml of glacial acetic acid
were added to it. In the next step, the tubes were
placed in a bain-marie at 100 °C for one hour, after
which the samples were kept in an ice bath for 30



minutes. Afterward, 4 ml of toluene was added to
the contents of each tube and mixed by a vortex
mixer for 30 seconds. The tubes were held at the
room temperature for a while. At this stage, two
separate layers were created and, finally, using
toluene, the optical absorption of the upper layer
at the 520 nm wavelength considered as the
control was read by a spectrophotometer and the
proline content was determined using a standard
curve.

To determine the total amount of SOD,
Giannopolitis and Ries (1977) method was used. In
this regard, initially, 0.1 gr of the root sample was
mixed and uniformed with 3 ml of the reaction
solution, including 50 mM potassium phosphate
buffer (pH=7.8), 13 mM methionine, 75 uM of
tetrazolium, 2 uM riboflavin, 0.1 mM EDTA, and
100 pl of the extraction enzyme. The mixture was
placed under bright light conditions of 5,000 lux
for 15 minutes. The tetrazolium in the reaction
mixture was regenerated under the white light
radiation and converted into colored formazan.
The maximum absorption of formazan is at the
wavelength of 560 nm. On the other hand, the
SOD enzyme decreases the amount of tetrazolium
regeneration by using H* in the cell. Accordingly,
increasing the concentration of enzyme extract in
the regenerative environment of tetrazolium
leads to a reduction in the formation of formazan.
As a result, the absorption rate decreases at 560
nm (Beauchamp and Fridovich, 1971). Hence, the
calibration was increased by adding 1 unit of
superoxide enzyme for regenerating 50% of
tetrazolium and the activity was recorded the
wavelength of 560 nm spectrophotometrically. To
evaluate the CAT activity, Aebi (1984) method was
employed. Briefly, 0.1 gr of the root sample was
mixed and uniformed with 3 ml of the reaction
buffer, including 50 mM potassium phosphate
buffer (pH=7.8), standard hydrogen peroxide, and
200 pl of the extraction enzyme. The maximum
peroxide adsorption is at the wavelength of 240
nm. Therefore, when the CAT enzyme is present
and active in the environment, hydrogen peroxide
is degraded and its absorption is decreased at this
wavelength by removing the oxygenated water
(Aebi, 1984). This is why the absorbance of the
solution was read by the spectrophotometer at
240 nm. Nakano and Asada’s (1981) method was
used to calculate the amount of APX enzyme

Rice cultivars under drought stress | 2751

activity. By applying this method, 0.1 gr of the root
sample was mixed and uniformed in 1 ml of the
reaction solution, including 50 mM of potassium
phosphate buffer (pH=7.8), 0.5 mM of standard
APX, 0.1 mM of hydrogen peroxide, and 200 pl of
the extraction enzyme. APX breaks down the
hydrogen peroxide to two water molecules using
ascorbate as a substrate. The maximum
absorption of ascorbate is at the 290 nm.
Accordingly, with the presence and activity of the
APX enzyme in the cell, the ascorbate is gradually
oxidized and with a decrease in the ascorbate, the
absorbance decreases at 290 nm (Nakano and
Asada, 1987). Thus, the absorbance of the light
was read at 290 nm and the correction of the
values was performed by H,0, without the
enzyme.

Moreover, a modified version of the
Nickel and Cunningham’s (1969) method was used
to estimate GPX activity. In this method, 0.1 gr of
the root sample was mixed and uniformed with 3
ml of the reaction buffer, including 50 mM of
potassium phosphate buffer (pH=7), 25 mM of
guaiacol, 10 mM of hydrogen peroxide, and 100 pl
of extraction enzyme. Peroxidase enzyme
decomposes hydrogen peroxide into a water
molecule using guaiacol as a substrate. For this
purpose, the peroxidase enzyme oxidizes guaiacol
to tetraguaiacol. The maximum tetraguaiacol
absorption is at 470 nm. Therefore, with the
activity of this enzyme at the mentioned
wavelength, an increase in the presence of
guaiacol peroxidase can be observed (Chance and
Maehly, 1955). In this regard, the absorbance of
the solution was read at 470 nm
spectrophotometrically for 70 seconds.

After measuring the levels of proline and
defense enzymes, the effects of drought stress on
these traits were examined under the two
environments using an analysis of combined
variance. Moreover, the diversity of genotypes
was studied. Then, by applying the LSD test, mean
levels of these traits were calculated under the
both drought stress conditions. All statistical
analyses were performed by SAS and charts were
drawn using EXCEL.
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Table 1

Iranian Journal of Plant Physiology, Vol (9), No (2)

Analyzing the combined variance of the proline content and enzymatic antioxidant systems

Mean Square

Source of Variation df Proline 0D CAT APX GPX
E (Environment) 1 0.98™ 450.86™" 1297.2™ 0.96™ 32.45™
E;= Block(Environment) 4 0.001 0.91 1.3 0.001 0.08
G (Genotype) 4 0.53"" 93.3" 153.9" 0.53" 12.4™
GxE 4 0.03"" 5.12*" 8.3 0.03" 0.7"
E,= Residual 16 0.002 0.97 1.6 0.002 0.1
cv 4.88 4.16 2.45 3.26 3.37
**: Significant at 1% probability levels.
Table 2
Comparing the means of the proline content and enzymatic antioxidant systems
AhlemiTarom  Sepidrood MutantNo. 94 MutantNo. 4 MutantNo. 95 LSD test
Proline (mg/gr FW) 0.48 0.44~ 0.3 0.34P 0.37¢ 0.022
SOD (standard unit/mg protein) 11.9¢ 9.3D 13.954 12.788 12.688 0.618
CAT (umol/min/mg) 28.7° 23.42¢ 35.68 31.978 30.93¢ 0.903
APX (umol/gr FW) 0.29¢ 0.250 0.49A 0.468 0.458 0.015
GPX (standard unit/gr FW) 10.738 9.33¢ 11.354 11.3A 11.254 0.445

Based on the LSD test, the means of each row with a letter in common did not significantly differ at the 5% significance level.

Results

Results obtained from the analysis of
combined variance of proline content and
enzymatic antioxidant systems demonstrated that
the differences between the flooded and drought
stress conditions were significant at P<0.01 (Table
1). There was a significant difference among
genotypes in terms of enzymatic antioxidant
systems at P<0.01 (Table 1). This indicated the
existence of a genetic variation among genotypes
in terms of the studied traits. The genotype
interaction in the environment was significantly
different at P<0.01 in terms of the studied proline
content and enzymatic antioxidant systems (Table
1). This showed the difference in the trend of
variations in the mutants and cultivars in the two
environments for proline content and enzymatic
antioxidant systems (Table 2).

Decomposing proteins into free amino
acids, including proline, is one of the drought
stress-related effects. Proline consists of
glutamate and ornithine. An increase in proline
production is an osmotic adjustment strategy that

can reduce plant growth (Mirza Masoumzadeh et
al., 2012). Although osmotic adjustment is a kind
of stress avoidance mechanism that increases
water absorption, it does not play any roles in a
plant’'s tolerance to stress and cannot be
considered as a suitable criterion for drought
tolerance. It can even be noted that this
mechanism is specific to sensitive -cultivars
(Ahmadi and Sio-Se Mardeh, 2004). In other
words, avoidance is not a real mechanism of
tolerance to stress (Levitt, 1980). Therefore,
increasing proline concentrations in sensitive
cultivars under drought stress is associated with
more protein decompositions (Ahmadi and Sio-Se
Mardeh, 2004); hence, cultivars tolerant to
drought stress resist to decomposing proteins into
proline and, therefore, they maintain levels of
protein concentration and cell interactions under
a drought stress condition. Babaee et al., (2010)
and Farhoudi and Makezadeh Tafti (2012)
reported that, under the influence of drought
stress, proline amino acid increased in thyme and
chamomile, respectively. Increasing the proline
production makes glutamate, a precursor of
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Fig. I. The amount of proline content in rice roots at seeding stage under the flooded and drought stress conditions; the

value of the standard error is shown by a bar.
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Fig. Il. SOD enzyme content of rice roots during at seeding stage under the flooded and drought stress conditions. The value

of the standard error is shown by a bar.
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Fig. lll. The amount of CAT enzyme in rice roots at seeding stage under the flooded and drought stress conditions; the value

of the standard error is shown by a bar.
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Fig. IV. The amount of APX enzyme in rice roots at seeding stage under the flooded and drought stress conditions. The value

of the standard error is shown by a bar.
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Fig. V. The amount of GPX enzyme in rice roots at seeding stage under the flooded and drought stress conditions; the value

of the standard error is shown by a bar.
chlorophyll and proline less involved in chlorophyll The tolerant mutant No. 94 and the
biosynthesis pathway (Ghogdi et al., 2013). sensitive cultivar of Sepidrood with means of 0.3



2754 Iranian Journal of Plant Physiology, Vol (9), No (2)

and 0.44 mg/gr FW had the lowest and highest
proline contents, respectively (Fig. ). The studied
plant materials were significantly different in
terms of proline content (Table 2). In the same
line, Hosseini et al.,, (2017) stated that with
increasing drought stress on wheat, a rising trend
in proline content could be observed.

A SOD gene encodes a group of
metalloenzyme proteins. The enzymatic product
of this gene is capable of purifying superoxide
ions. Superoxide ions are highly capable of
conversion into hydrogen peroxide (Bowler et al.,
1992). Converting superoxide to hydrogen
peroxide is the first communicative bridge in the
enzymatic purification of active oxygen radicals.
SOD is regarded as a primary protective
mechanism against active oxygen radicals (Asada,
1999). In cellular aging conditions, the increase in
superoxide ions occurs as the first loop of the free-
radical chain (Choi et al., 2007). Therefore, the role
of SOD gene in reducing the frequency of
superoxide ions and adjusting their concentration
would be important in regulating the
concentration of other active radicals, including
hydrogen peroxide and hydroxyl radical,
effectively (Neill et al., 2001). The double intensity
of hydroxyl ion activity and its direct damage to
DNA makes this issue really crucial (Bowler et al.,
1992). The tolerant mutant No. 94 and the
sensitive cultivar of Sepidrood had the highest and
lowest SOD activities with means of 95.9 and 9.3
standard unit/mg protein, respectively (Fig. Il).
There was no significant difference between
mutants No. 4 and 95 in terms of the activity of
SOD (Table 2). In this regard, Navabpour et al.,
(2013) and Navabpour et al., (2016) stated that
after applying oxidative stress, the exclusive SOD
enzyme increased to sweep superoxide which is in
line with the results of the present study.

CAT enzyme is found in almost all living
organisms and is considered as a category of
fermented proteins, and acts in plant and animal
cells when the amount of peroxide is high in the
cellular environment. This enzyme has a fourfold
porphyrin protein structure with iron, which is
responsible for the breakdown of free oxygen
radicals, especially peroxide oxidation (Yang and
Poovaiah, 2002; Du et al., 2007). CAT is present in
the peroxisome and eliminates the hydrogen
peroxide resulting from the use of

photorespiration and B-oxidation of fatty acids
(Mittler, 2002). Accordingly, it decomposes
oxygenated water into water and oxygen (Du et
al., 2008). Considering the plants studied in the
current study, the mutant No. 94 and the sensitive
cultivar of Sepidrood had the highest and lowest
CAT enzyme activities with means of 35.68 and
23.42 umol/min/mg protein, respectively (Fig. IIl)
and no similarities were observed in terms of the
level of activity of this enzyme in the population
(Table 2). In various studies carried out under
drought stress conditions, it was found that by
increasing oxidative stress, the CAT enzyme
increased (Mazandarani et al., 2014). These are
consistent with the results of this study.
Peroxidases are groups of enzymes that
obtain hydrogen for regenerating and removing
hydrogen peroxide from other metabolites, such
as ascorbate and glutathione and are named
according to their cofactors. Among these
enzymes is APX (Esfandiari and Javadi, 2014) which
is present in most of cellular organelles and plays
an important role in the Mahler (Asada, 2000) and
glutathione-ascorbate (Halliwell, 2006) cycles.
One of the most significant locations for the
activity of these cycles is chloroplast. In the
cultivars sensitive to stress, such as Sepidrood, a
decrease in the activity of APX occurs due to the
lack of adjustment of the ratio of H*
NADP*/NADPH and the potential of chloroplast
increases the production of active oxygen and
causes severe oxidative stress (Esfandiari and
Javadi, 2014). Reducing the activity of CAT and APX
can result in the accumulation of hydrogen
peroxide and, consequently, can decrease the
activity of some of the enzymes of the Calvin cycle,
such as ribulose monophosphate, kinase, and
bisphosphatase (Amini et al., 2009). The mutant
No. 94 and the sensitive cultivar of Sepidrood,
with means of 0.49 and 0.25 pmol/gr FW,
respectively had the highest and lowest APX
activities (Fig. IV). There was no significant
difference between the mutants No. 4 and 95, in
terms of the activity of APX (Table 2). This is in
accordance with the findings of Navabpour (2012).
The GPX enzyme contains the protein part
of thiol and plays an important role in reacting to
active oxygen radicals (Foyer and Noctor, 2005;
Larkindale et al.,, 2005). This enzyme plays a
prominent role in counteracting oxidative stress



and creating a relative equilibrium among ROSs.
Such a role may be indirectly induced by a reaction
without mediation or through an enzymatic
mechanism by reducing the H,O, concentration
(Anne and Bruno, 1997; Pitzschke et al., 2006).
This enzyme also has a role in inducing the activity
of the glyoxylic acid cycle in the process of
converting fatty acids to sugar and producing
cellular energy (Ettinger et al., 1990). It also plays
a very critical role in protecting cell membranes,
especially under stress conditions (Maiorino et al.,
1990; Herbette et al., 2002). Regarding the role of
the cell membrane in the selective exchange of
materials and ions, the protective mechanism and
the role of GPX are very vital in protecting cell
membranes and preventing peroxidation of
membrane fats (Jung et al., 2002). This enzyme
plays an exclusive role in the direct reduction of
phospholipid hydrogenase  and complex
hydroxypropoxy to protect the membrane against
oxidative stress (Herbette et al., 2002; Jung et al.,
2002). The tolerant mutant No. 94 and the
sensitive cultivar of Sepidrood, with means of
11.35 and 9.33 standard unit/gr FW, had the
highest and lowest GPX activities, respectively
(Fig. V). There was no significant difference in the
activity of this enzyme among the mutants No. 94,
4 and 95 (Table 2). It was reported that the
enzyme defense system degraded ROSs and
provided an acceptable product under the
drought stress condition (Navabpour, 2013). To a
large extent, the above-mentioned results are in
line with the results of the present study.

Discussion

Results of the current study indicated the
active role of the enzymatic defense system of
plants in response to drought stress. This is while
many studies demonstrated the active role of this
defense system in response to biotic and abiotic
stresses. Overall, in this experiment, the mutant
lines No. 94, 4 and 95 showed higher tolerance
compared to Ahlemi Tarom and Sepidrood
cultivars by indicating more favorable
characteristics in terms of the activity of
antioxidant enzymes under drought stress
condition. Since tolerance to drought stress in
plants is relative, genotypes that are superior to
others with respect to tolerance to drought stress
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can be identified and introduced by evaluating the
activity of the enzymatic and non-enzymatic
systems and also examining other defense
mechanisms, including the expression of drought
tolerance genes. It seems that using the mutant
cultivars examined in the present study, after
being completely homozygous in hybridization
projects, is justifiable and this can help us to apply
the capacity of these genotypes to induce
tolerance to drought stress.

References

Aebi, H. 1984. 'Catalase in vitro'. Methods in
Enzymology, 105: 121-126.

Ahmadi, A. and A. Sio-Se Mardeh. 2004. 'The
effects of water stress on soluble
carbohydrates, chlorophyll and proline
contents of four lIranian wheat -cultivars
under different moisture regimes'. Iranian
Journal of Agriculture Science, 35(3): 753-763
(in Persian).

Amini, Z., R. Hadad and F. Moradi. 2009. 'The
effect of water deficit stress on antioxidant
enzymes during generative growth stages in
Barley (Hordeumvulgare L.)'. Journal of
Water and Soil Science, 12(46): 65-74 (in
Persian).

Anne, C. L. and T. Bruno. 1997.' Glutathiowe-
mediated regulation of ATP sulfurylase
activity, SO;Z, uptake, and oxidative stress
response in Intact canola roots'. Plant
Physiology, 114: 177-183.

Asada, K. 1990. 'Ascorbate peroxidase-a
hydrogen peroxide-scavenging enzyme in
plants'. Physiologia Plantarum, 85: 235-241.

Asada, K. 1999. 'The water-water cycle in
chloroplasts: scavenging of active oxygen and
dissipation of excess photons'. Annual
Review of Plant Physiology and Plant
Molecular Biology, 50: 601-639.

Asada, K. 2000. 'The water-water cycle as
alternative photon and electron sinks'.
Philosophical Transactions of the Royal
Society of London B: Biological Sciences,
355(1402): 1419-1431.

Ashraf, M. Y., A. R. Azmi, A. H. Khan and S. A.
Ala. 1994. 'Effect of water stress on total
phenols, peroxidase activity and chlorophyll



2756 Iranian Journal of Plant Physiology, Vol (9), No (2)

content in wheat'. Acta Physiologiae
Plantarum, 16(3): 185-191.

Babaee, K., M. Amini Dehaghi, S. A. M.
ModaresSanavi and R. Jabbari. 2010. 'Water
deficit effect on morphology, proline content
and thymol percentage of Thyme (Thymus
vulgaris L)'. Iranian Journal of Medicinal and
Aromatic Plants, 26(2): 239-251.

Bates, L. 1973. 'Rapid determination of free
proline for water stress studies'. Plant and
Soil, 39(1): 205-207.

Beauchamp, C. and |I. Fridovich. 1971.
'Superoxide dismutase: improved assays and
an assay applicable to acrylamide gels'.
Analytical Biochemistry, 44(1): 276-287.

Bowler, C., M. Van Montagu and D. Inze. 1992.
'Superoxide dismutase and stress tolerance'.
Annual Review of Plant Physiology and Plant
Molecular Biology, 43: 83-116.

Bhattacharjee, S. 2005. 'Reactive oxygen species
and oxidative burst: Roles in stress,
senescence and signal transduction in
plants'. Current Science, 89(7): 1113-1121.

Chance, B. and A. C. Maehly. 1955. 'Assay of
catalase and peroxidase'. Methods
Enzymology, 2: 764-775.

Choi, H. W., Y. J. Kim, S. C. Lee, J. K. Hong and B.
K. Hwang. 2007. 'Hydrogen peroxide
generation by the pepper extracellular
peroxidase CaPO, activates local and
systemic cell death and defense response to
bacterial pathogens'. Plant Physiology,
145(3): 890-904.

Du, Y. Y., P. C. Wang, J. Chen and C. P. Song.
2007.'The comprehensive functional analysis
of catalase gene family in Arabidopsis
thaliana'. National ~ Natural  Science
Foundation of China, 121(1):16-23.

Du, Y. Y., P. C. Wang, J. Chen and C. P. Song.
2008. 'Comprehensive functional analysis of
the catalase gene family in Arabidopsis
thaliana'. Journal of Integrative Plant
Biology, 50(10): 1318-1326.

Esfandiari, E. and A. Javadi. 2014. 'Role of
scavenging enzymes and hydrogen peroxide
and glutathione S-transferase in mitigating
the salinity effects on wheat'. Iranian Journal
of Plant Biology, 6(20): 1-16 (in Persian).

Ettinger, W. F. and J. J. Harada. 1990.
'"Translational or post-translational processes

affect differentially the accumulation of
isocitratelyase and malate synthase proteins
and enzyme activities in embryos and
seedlings of Brassica napus'. Archives of
Biochemistry and Biophysics, 281(1): 139-
143.

Farhoudi, R. and M. Makezadeh Tafti. 2012.
'Evaluation of drought stress effect on
growth, yield, essential oil and chamazulene
percentage of three chamomile (Matricaria
recutita L.) cultivars in Khuzestan condition'.
Iranian Journal of Field Crops Research, 10(4):
735-741.

Foyer, C. H. and J. Harbinson. 1994. 'Oxygen
metabolism and the regulation of
photosynthetic electron transport. In C. H.
Foyer, PM Mullineaux, eds, Causes of Photo-
oxidative Stress and Amelioration of Defence
System in Plants'. CRC Press, Boca Raton, FL,
Pp: 1-42.

Foyer, C. H. and G. Noctor. 2005. 'Redox
homeostasis and antioxidant signaling: a
metabolic  interface  between  stress
perception and physiological responses'. The
Plant Cell, 17(7): 1866-1875.

Gautam, P. and J. Stein. 2011. 'Induction of
systemic acquired resistance to
Pucciniasorghi corn'. International Journal of
Plant Pathology, 2: 43-50.

Ghogdi, E., A. Borzouei, S. Jamali and N.
Hashempour. 2013. 'Changes in root traits
and some physiological characteristics of four
wheat genotypes under salt stress'.
International Journal of Agriculture and Crop
Sciences, 5: 838-844.

Giannopolitis, C. N. and S. K. Ries. 1977.
'Superoxide dismutase: |. Occurrence in
higher plants'. Plant Physiology, 59: 309-314.

Golden, T. A., D. Hinerfeld and S. Melov. 2002.
'Oxidative stress and aging beyond
correlation'. Aging Cell, 122: 117-123.

Halliwell, B. 2006. 'Reactive species and
antioxidants: Redox biology is a fundamental
theme of aerobic life'. Plant Physiology,
141(2): 312-322.

Herbette, S., C. Lenne, N. Leblanc, J. L. Julien, J.
R. Drevet and P. Roeckel-Drevet. 2002. 'Two
GPX-like  proteins from  Lycopersicon
esculentum and Helianthus annuus are
antioxidant enzymes with phospholipid



hydroperoxide glutathione peroxidase and
thioredoxin peroxidase activities'. European
Journal of Biochemistry, 269(9): 2414-2420.

Hosseini, S. S., S. S. Ramezanpour, H. Soltanloo
and S. Vakili Bastam. 2017. 'Evaluating
expression of genes involved in proline
synthesis pathway in mutant wheat T65-58-8
under drought stress'. Modern Genetics
Journal, 12(3): 451-461 (in Persian).

Jung, B. G,, K. O. Lee, S. S. Lee, Y. H. Chi, H. H.
Jang and S. S. Kang. 2002. 'A Chinese cabbage
cDNA with high sequence identity to
phospholipid hydroperoxide glutathione
peroxidases encodes a novel isoform of
thioredoxin-dependent peroxidase'. The
Journal of Biological Chemistry, 277(15):
12572-12578.

Kazerani, B., S. Navabpour, H. Sabouri, S. S.
Ramezanpour, K. Zaynali Nezhad and A.
Eskandari. 2018. 'Determination of the best
selection indices in mutant lines of rice at
different  moisture conditions'. Crops
Improvement, 20(1): 173-189 (in Persian).

Kazerani, B., S. Navabpour, H. Sabouri, S. S.
Ramezanpour, K. Zaynali Nezhad and A.
Eskandari. 2019. 'Evaluation and selection of
rice mutant lines based on drought tolerance
indices'. Journal of Plant Production
Research, 25(4): 15-31 (in Persian).

Larkindale, J. D., J. R. Hall, M. Knight and E.
Vierling. 2005. 'Heat stress phenotypes of
Arabidopsis mutants implicate multiple
signaling pathways in the acquisition of
thermotolerance'. Plant Physiology, 138:
882-897.

Levitt, J. 1980. 'Responses of plant to
environmental stresses'. Vol.1, Academic
press Inc.

Mackerness, S. A. H., B. R. Jordan and B. Thomas.
1999. 'Reactive oxygen species in the
regulation of photosynthetic genes by
ultraviolet-B radiation (UV-B: 280-320 mm) in
green and etiolated buds of pea (Pisum
sativum L.)'. Journal of Photochemistry and
Photobiology, 48: 180-188.

Maiorino, M., C. Gregolin and F. Ursini. 1990.
'Phospholipid hydroperoxide glutathione
peroxidase'. Method in Enzymology, 186:
448-457.

Rice cultivars under drought stress | 2757

Mazandarani. A., M. Rahim Malek, S. Navabpour
and S. S. Ramezanpour. 2014. 'Evaluation of
chlorophyll content and genes expression
(Catalase and DREB1) in soybean cultivars
under drought stress condition'. Agricultural
Biotechnology, 5(1): 45-58 (in Persian).

Mirza Masoumzadeh, B., A. A. Imani and S.
Khayamaim. 2012. 'Salinity stress effect on
proline and chlorophyll rate in four beet
cultivars'. Scholars Research Library, 3(12):
5453-5456.

Mittler, R. 2002. 'Oxidative stress, antioxidants
and stress tolerance'. Trends in Plant Science,
7 (9): 405-410.

Nakano, Y. and K. Asada. 1981. 'Hydrogen
peroxide is scavenged by ascorbate specific
peroxidase in spinach chloroplasts'. Plant &
Cell Physiology, 22(5): 867-880.

Nakano, Y. and K. Asada. 1987.' Purification of
ascorbate peroxidase in spinach chloroplast
in inactivation in  ascorbate-depleted
medium and reactivation by
monodehydroascorbate radical'. Plant & Cell
Phsiology, 28: 131-133.

Navabpour, S. 2012. 'Effect of abscisic acid
application on enzymatic and nonenzymatic
activity in barley (Hordeum vulgare L.)".
Cereal Research, 1(1): 39-51 (in Persian).

Navabpour, S. 2013. 'Induced genes expression
pattern in response to drought stress in
Rapeseed (Brassica napus)'. Seed and Plant
Improvement Journal, 1-29(3):535-549 (in
Persian).

Navabpour, S., S. Mirkarimi and A. Mazandarani.
2013. 'Evaluation of enzymatic and non-
enzymatic defense mechanismin response to
Charcoal Rot disease during growth stage in
soybean'. Crop Biotechnology, 3(5): 63-73 (in
Persian).

Navabpour, S., S. S. Ramezanpour and A.
Mazandarani. 2016. 'Evaluation of enzymatic
and non-enzymatic defense mechanism in
response to drought stress during growth
stage in soybean'. Plant Production
Technology, 7(2): 39-54 (in Persian).

Neill, S. J., R. Desikan, A. Clarke, R. Hurst and J.
T. Hancock. 2001. 'Hydrogen peroxide and
nitric oxide as signaling molecules in plants'.
Journal of Experimental Botany, 52: 9-17.



2758 Iranian Journal of Plant Physiology, Vol (9), No (2)

Nickel, R. S. and B. A. Cunningham. 1969.
'Improved peroxidase assay method using
leuco 2,3,6-trichlcroindophenol and
application to comparative measurements of
peroxidase catalysis'. Analytical
Biochemistry, 27(2): 292-299.

Ozturk, L., Y. Demir, A. Unlukara, I. Karatas, A.
Kurunc and O. Duzdemir. 2012." Effects of
long-term salt stress on antioxidant system,
chlorophyll and proline contents in pea
leaves'. Romanian Biotechnological Letters,
17(3): 7227-7236.

Pitzschke, A., C. Forzani and H. Hirt. 2006.
'Reactive oxygen species signaling in plants'.
Antioxidants & Redox Signalling, 8(9-10):
1757-1764.

Yang, T. and B. W. Poovaiah. 2002. 'Hydrogen
peroxide homeostasis: Activation of plant
catalase by calcium/calmodulin'. Proceedings
of National academy of Science of US (PNAS)
99: 4097-4102.

Yoshida, S. 1981.' Fundamentals of rice crop
science'. International Rice Research
Institute, Los Banos, Laguna, Philippines,
269p.



