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Abstract

A field experiment was laid out as a split plot design based on the randomized complete block design with
three replications in 2018, to assess the responses of oilseed rape (Brassica napus L.) plants to foliar treatment
of nanoparticles (ZnO and MgO) under different watering levels (i, I, I3, I4: Irrigation after 70, 100, 130, and
160 mm evaporation as normal irrigation, and mild, moderate, and severe stresses, respectively). Water
shortage increased leaf temperature and decreased leaf water content, membrane stability, chlorophyll content,
and plant biomass, which resulted in the reduction of the grain yield per unit area. Foliar application of
nanoparticles enhanced grain and oil yields of oilseed rape by reducing some detrimental impacts of water
limitation on leaf temperature, chlorophyll content, membrane stability, plant height, plant biomass, grains per
plant, and 1000-grain weight. Therefore, foliar spray of these nanoparticles could be a superior treatment for
alleviating some of the adverse effects of drought stress on the physiology and productivity of oilseed rape
plants in the field.
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Introduction extent tolerates drought stress, severe water

Oilseed rape (Brassica napus L.) is an annual deficit could disrupt the physiological

crop with two winter and spring types that is
cultivated under various environmental

conditions. Although oilseed rape to some

processes and productivity of this crop
(Ghassemi-Golezani et al. 2019). Drought

stress occurs when water availability is less
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than the critical level for plant growth and
development (Boyer 1976).

Drought stress can influence different
physiological processes in plants, leading to
poor performance and vyield (Ghassemi-
Golezani and Mousavi 2022). The extent of
drought impacts on crop growth and yield
varies with species, growth stage, and severity
of stress (Salehi-Lisar and Bakhshayeshan-
Agdam 2016). Water shortage could reduce the
photosynthetic rate by closure of the stomata
or by a reduction in chlorophyll content and
photosynthetic  capacity of the leaves
(Ghassemi-Golezani et al. 2018). Stomatal
closure also results in higher leaf temperature
due to the reduction in transpiration cooling
under water stress (Lu et al. 1997), leading to
the combination of drought and heat stresses
(Mohammadian et al. 2005). Drought stress
severely limits plant growth and yield by
reducing ground green cover (Ghassemi-
Golezani et al. 2022), chlorophyll content of
leaves, and photochemical efficiency of
photosystem II (Ghassemi-Golezani et al.
2016). Most of the drought-tolerant crops have
a high root/shoot ratio that can help to absorb
more water from the soil and largely avoid

from detrimental effects of this stress, due to

high leaf water content. The high leaf water
content is the result of higher osmotic
regulation of plants under limited water
availability (Ghassemi-Golezani et al. 2016).
Drought stress can also limit nutrient uptake by
the plants, which could be largely overcome by
foliar spray of essential elements.

The foliar spray of essential elements
could be an effective option when nutrient
deficiencies cannot be compensated by soil
fertilization (Ghassemi-Golezani et al. 2022).
Since various factors influence nutrient uptake
of plants in the field, foliar application of
nutrients is more beneficial than soil
fertilization (Khan et al. 2003). Foliar
treatment of some nanoparticles may enhance
the tolerance of plants to stressful conditions
such as drought (Ghassemi-Golezani and
Afkhami 2018) and salinity (Weisany et al.
2011; Ghassemi-Golezani and Abdoli 2021).
Application of nanoparticles at low rates
increases nutrient uptake and nutrient use
efficiency and decreases losses through
leaching and gaseous emissions along with
reducing the risk of nutrient toxicity for
ensuring food security (Igbal 2019). According
to Freitas ef al. (2021), there is room for more

research on the effects of nanoparticles in
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mediating plant stress responses for future
agricultural research developments. The
nanoparticles can promote plant growth by
facilitating efficient input delivery networks
and enriching plant health (Chughet al.
2021).

Zinc has been considered an essential
micronutrient for metabolic activities in plants
including enzyme activities and biochemical
reactions responsible for chlorophyll and
carbohydrate  formations (Auld 2001;
Ghassemi-Golezani et al. 2022). Magnesium
oxide (MgO) nanoparticles which are non-
toxic and cheaply available, may have
important roles in the morpho-physiological
functioning of the plants (Shen et al. 2020).
Photosynthetic  attributes  along  with
chlorophyll content have been reported to
increase significantly in plants treated with
MgO nanoparticles (Raliya et al. 2014).
However, the effects of Zn and Mg
nanoparticles on the field performance of some
plants under drought stress are not clear. So,
the objective of this research was to evaluate
the responses of oilseed rape (Brassica napus
L.) plants to foliar spray of nanoscale zinc-

oxide and magnesium-oxide under normal and

limited irrigation intervals.

Materials and Methods

A field experiment with a split plot
arrangement based on the randomized
complete block design in three replications
was undertaken in 2018 to investigate the
impacts of foliar applications of zinc and
magnesium nano-particles on oilseed rape
(Brassica napus L.) performance under
various levels of water supply. The
experimental plots were located in the
Research Station of the University of Tabriz,
Tabriz, Iran (Latitude 38° 05N, longitude 46°
17°E, altitude 1360 m above sea level), with a
mean annual precipitation of 285 mm and
mean annual temperature of 10 °C. The
properties of soil in the 0-30 cm depth are
presented in Table 1.

Irrigation treatments (11, I, I3, and Is:
irrigation after 70, 100, 130, and 160 mm
evaporation from class A pan as normal
irrigation and mild, moderate, and severe water
deficits, respectively) and foliar sprays (water,
1g/l nano-ZnO, and 1g/l nano- MgO) were
assigned to the main and subplots, respectively.
Six rows with a 2 m length and 25 cm distance
within each plot were prepared for sowing. The

purity of nanoparticles was +99%, and the
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particle sizes of nano-ZnO and nano-MgO
were 10-30 nm and 20 nm, respectively.

Seeds of cultivar Dalgan (spring oilseed rape)
were provided by the Seed and Plant
Improvement Institute, Karaj, Iran. The seeds
were pretreated with 2 g/kg benomyl and then
were sown by hand in the 1-2 cm depth of soil
with a density of 80 seeds/m?. All plots were

regularly irrigated up to crop establishment,

Table 1. The properties of experimental soil in 0-30 cm depth

but subsequent irrigations were carried out
according to the irrigation treatments. Weeds
were controlled by hand as required. Water and
nanoparticles were sprayed on plants at the
flowering stage. Physiological traits were
measured at the pod-filling stage, but
individual plant biomass and grain yield were

determined at maturity.

Total

.. Electrical Total Organic Absorbable Mineral .
Depth neutralizing ductivi . b | £ soil Soil
(cm) pH material conductivity  nitrogen  carbon elements components of soil o
%) (dS/m) (%) (%) (mg/L) (%)
030 80 105 292 0.04 037 P Fe Ca Mn Zn Silt Clay Sand Sandy
49 26 076 334 092 14 12 74 loam
Physiological traits calculated for each plot.

Leaves of a random plant from each plot were
separated and cut into small pieces. Then, 10 g
of fresh leaf discs were weighed, dried in an
oven for 48 h at 75 °C, and reweighed. Leaf
water content (LWC) was determined as:

LWC (%) = ((FW -DW) /FW) x 100
where FW is the leaf fresh weight and DW is
the dry weight.

Leaf temperature (°C) was measured by an
infrared thermometer (TES-1327) in the upper,
middle, and lower leaves of each plant from
each plot just before irrigation at the pod-

filling stage. Then, the mean temperature was

The membrane stability index (MSI) was
determined by recording the electrical
conductivity of leaf leachates in the double
distilled water at 40 °C and 100 °C. Leaf
samples (0.5 g) were washed and cut into five
discs of uniform sizes and taken in the test
tubes containing 10 ml of distilled water in two
sets. One set was kept at 40 °C for 30 min and
another set at 100 °C for 10 min. The electrical
conductivities were recorded by a conductivity
meter (LS90, WTW GmbH, Germany), and the
MSI was calculated as:

MSI = (EC40°C / EC100°C) x 100
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The chlorophyll content index (CCI) was
measured by a chlorophyll meter (CCM-200,
Opti- Science, USA) in the upper, middle, and
lower leaves of each plant from each plot. Then,

the mean CCI was calculated for each plot.

Plant biomass and yield components

At maturity, 10 competitive plants were
harvested from each plot, and plant height,
grains per pod, grains per plant, 1000-grain
weight, and grain yield per unit area were
determined. Subsequently, these plants were
dried in an oven at 75 °C for 48 hours and plant

biomass for each plot was determined.

Oil content

The oil content of grains was extracted by a
Soxhlet, using the method by AOCS (1993).
Three grams of the oilseed rape grains from
each plot were powdered by a milling machine.
The samples were poured into filter-paper
tubes and placed in the Soxhlet extractor. The
sum of 200 ml petroleum ether and a few
pieces of stone were poured into a flask. The
Soxhlet extractor and refrigerant were then
installed on the flask. Then, the faucet was
turned on to allow water to flow into the

refrigerant. When the first drop of solvent was

distilled and dripped from the refrigerant, the
time was recorded. The extraction of oil was
continued for five hours and the heat source
was then turned off, cooling the vapor into a
liquid. The flask was then removed from the
clamp and the samples were weighed. Finally,

the oil percentage and yield were determined.

Statistical analysis

Analysis of variance appropriate to the
experimental design was conducted, using
SAS 9.4 and MSTAT-C software. The means
of each trait were compared by the Duncan
multiple range test at p < 0.05. Excel software

was used to draw figures.

Results and Discussion

Analysis of the resulting data revealed that
individual effects of irrigation levels and
nanoparticles and also the interaction of these
factors were significant for leaf temperature,
CCI, MS], plant biomass (Table 2), grains per
pod, grains per plant, grain yield per unit area,
oil percentage, and oil yield (Table 3). The
plant height (Table 2) and 1000-grain weight
were only affected by the water limitation and
foliar treatment (Table 3). However, LWC was

only affected by irrigation levels (Table 2).
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Leaf water content
LWC was considerably reduced under severe
water deficit (Is), but LWC reduction under

mild (Iz) and moderate (I3) water limitations

was not statistically significant compared to
the normal irrigation (Figure 1A). There is a
direct relationship between LWC and drought
tolerance (Dastborhan and Ghassemi-Golezani

2015). According to Liueral. (2002), the

Table 2. Analysis of variance of the effects of foliar sprays of nano-ZnO and nano-MgO on some morpho- physiological

traits of oilseed rape under different irrigation intervals.

Leaf Membrane Chlorophyll
Source df water temperature stability cpntgnty lf)el ii:;ltt bilr?::ss
content Index index
Block 2 8.22 0.098 2.69 10.02 14.74" 0.09
Irrigation (I) 3 151.47* 108.239™ 2023.89™ 359.39" 70.44™ 7.11%
Error a 6 16.34 3.58 19.59 10.21 0.03
Nanoparticle (NF) 2 21.09 7.427" 1680.03* 2056.87"" 34.63™ 18.23*"
IxXNF 6 13.08 0.94037" 334.69"" 53.22™ 2.71 0.559™
Error b 16 18.32 12.36 17.35 3.21 0.139
CV (%) - 3.35 2.49 4.58 3.49 4.67

*, **: Significant at p < 0.05 and p < 0.01, respectively; CV: Coefficient of variation.

Table 3. Analysis of variance of the effects of foliar sprays of nano-ZnO and nano-MgO on yield components

and grain yield of oilseed rape.

1000-

Grains  Grains per . Grain Oil Oil

Source per pod plant grain yield content yield
weight

Block 2 0.46 455.75 0.01 13.16 9.78 4.7
Irrigation (I) 3 2192  66477.46™ 2.04™ 732034 247.93" 844.14™
Ea 6 0.44 955.42 0.08 597 3.96 0.99
Nanoparticle (NF) 2 7.23"  24745.89" 0.58" 246.51™ 86.09™ 340.59™
IXNF 6 2.73" 4541.9™ 0.11"s 246.51" 10.53" 28.52*
Eb 16 0.64 504.05 0.04 6.7 2.7 1.87
CV (%) - 12.57 10.04 6.52 4.43 6.7 8.75

*, **: Significant at p < 0.05 and p < 0.01, respectively; CV: Coefficient of variation.

reduction of LWC under water deficit was
associated with decreasing plant growth and
vigor A small, but not significant increase in
LWC of nanoparticles-treated plants (Figure
1B) may have been achieved by increasing the
root growth (Prasad et al. 2012; Raliya et al.
2014).

Leaf temperature

Leaf temperature was generally increased with
increasing the water deficit. The leaf
temperature of nanoparticles-treated plants
was almost lower than untreated plants,
particularly under moderate and severe
drought stresses (Table 4). Variation in leaf

temperature due to water stress and nano-
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particle treatments 1is directly related to
changes in LWC. So, decreasing water
availability under drought stress increased the
leaf temperature, but foliar application of
nanoparticles on plants decreased leaf
temperature via increasing (although not

significantly) the water status of the leaves

100 - A

20 A

Leaf water content (%)

1 12 13 14

Irrigation intervals

Leafwater content (%o)

(Figure 1). The rate of water uptake under
drought stress cannot match the transpiration
rate and stomata close to maintaining the water
balance of plants. This can enhance leaf
temperature even higher than the air

temperature (Larcher 2000).

100 - B
a a a
01 1 /|
60 -
40 -
20 A
0 T T 1
water ZnO MgO

Nano fertilizer

Figure 1. The oilseed rape leaf water content under different irrigation levels (A) and nano-fertilizers (B); L1, I, I3, L4:

Irrigation after 70, 100, 130, and 160 mm evaporation, respectively; Different letters indicate a significant difference at p

<0.05.

Membrane stability index (MSI)

The MSI of the untreated plants was
significantly reduced under moderate and
severe water deficits. The MSI of nano-ZnO-
treated plants was the highest under I, I, and
I4 watering levels, but the foliar spray of nano-
MgO was the superior treatment under
moderate (Is) water deficit (Table 4).
Reduction in MSI can be attributed to higher

leaf temperature (Table 4) as a result of lower

LWC (Figure 1A). Enhancing MSI of
nanoparticle-treated plants could be also
related to increasing LWC (Figure 1B) and
antioxidant capacity for reducing oxidative

damage of membranes and ion leakage (Ducic

and Polle 2005).

Chlorophyll content index (CCI)
The CCI of the plants treated with

nanoparticles, especially by nano-MgO was
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higher than that of the untreated plants at all
levels of irrigation, particularly under
moderate and severe stresses (Table 4).
Chlorophyll is the main photosynthetic
pigment in plants. The chlorophyll content
somewhat reflects the rate of photosynthesis in
plants, which 1is strongly affected by
environmental factors (Qiu et al. 2007).
Decreasing CCI under drought stress was
associated with decreasing LWC (Figure 1A)
and increasing leaf temperature (Table 4),
leading to an increment in chlorophyllase
activity (Reddy and Vora 1986). Enhancing
CCI by nano-MgO-treatment was related to the
role of Mg in the chlorophyll structure
(Cakmak and Yazici 2010).

Plant height

Increasing leaf temperature and decreasing
chlorophyll content index due to water deficit
(Table 4) led to a significant reduction in plant
height of the oilseed rape (Figure 2A). Similar
results were reported for safflower (Ghassemi-
Golezani and Afkhami 2018). The MgO
nanoparticles increased plant height, but there
was no significant difference between ZnO-
treated and untreated plants (Figure 2B).

Magnesium increases shoot growth and plant

height through increasing CCI (Table 4) and

photosynthesis.

Plant biomass

Plant biomass decreased as the water supply
diminished. Foliar treatment of nanoparticles
significantly enhanced plant biomass under all
irrigation intervals. The nano-MgO was the
superior treatment followed by nano-ZnO.
Reduction in plant biomass, especially under
moderate and severe drought stress was the
result of increased leaf temperature and
decreased CCI (Table 4), leaf area expansion,
and plant growth (Ghassemi-Golezani et al.
2009). Enhancing plant biomass by
nanoparticle treatments was related to the
changes in leaf temperature and CCI (Table 4).
Magnesium plays an important role in the
synthesis of chlorophyll and has a key role in
several physiological processes such as the
loading of photosynthates from leaves to the
sinks, thereby improving plant biomass
(Verbruggen and Hermans 2013). Zn also has
a positive role in the formation of chlorophyll
and carbohydrates, leading to an increase in

plant biomass (Corredor et al. 2009).

Grains per pod and grains per plant
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Water stress reduced grains per pod and per
plant, but foliar application of nanoparticles
significantly enhanced these traits. Ghassemi-
Golezani et al. (2018) reported that the main
reason for a decline in the number of grains per
plant under drought stress is the reduction in
plant biomass. Foliar application of nano-MgO
was the superior treatment for enhancing
grains per pod and per plant under various
levels of irrigation. These changes in the
number of grains per pod and per plant are
directly related to variations in chlorophyll

content under different treatments (Table 4),

that influenced photosynthesis and pod filling.
Increasing grains per pod of the oilseed rape by
the MgO treatment was also supported by
Sikorska et al. (2020).

1000- grain weight
Decreasing water availability reduced 1000-
grain weight, with no significant difference
between normal irrigation and mild stress
(Figure 3A). Water shortage reduces grain
weight and yield by shortening the grain filling
duration (Gooding et al.

2003). Foliar

application of MgO and ZnO nanoparticles

Table 4. The means of some traits for different irrigation levels and foliar sprays in the oilseed rape.

L Leaf Membrane  Chlorophyll Plant Grains Grains Grain . Oil
Irrigation ~ Nanopar o . . Oil .
treatment ticle temperature stability c_ontent biomass per per yield %) yield

(°C) (%) index (g/m?) pod plant (g/m?) (g/m?)

Water 16.99ef 59.67d 56.83ef 4.49¢ 8.17ab 248.43c 67.07e  27.88bc 18.7d

I ZnO 15.59g 85.67a 59.48de 6.66b 6.08cd  298.31b 84.53¢c 28.8bc 24.37c

MgO 15.83¢g 64.67¢ 71.32b 7.76a 8.87a 37191a 106.48a  31.92a 33.98a

Water 17.49de 58.33d 53.95fg 4.33e 6.3lcd  214.98c 57.62f 25.7¢c 14.81e

L ZnO 17.83de 84.67a 62.29¢d 5.01d 7.06bc 248.04c 75.25d  26.33bc  19.79d

MgO 16.16fg 64.00c 79.20a 6.96b 9.16a 384.23a  101.71b  29.35ab  29.83b

Water 20.01c 44.33¢ 44.33h 3.41f 5.3de 152.8%¢ 32.4%h 19.11d 6.21g

I ZnO 18.05d 69.00b 57.54def 421e 5.7de 170.24de  40.29g  26.65bc  10.77f

MgO 18.12d 86.33a 77.18a 5.70c 6.62cd  210.43cd 58.63f  26.48bc  15.59¢

Water 25.00a 30.67g 35.63i 3.67f 4.57ef 129.93¢ 23.8i 15.14e 3.5%h

in ZnO 23.51b 47.00¢e 49.66g 4.36e 4.24f 123.84¢ 25.351 15.63¢ 3.94gh

MgO 23.32b 38.33f 66.61bc 5.36cd 4.32ef 130.62¢ 27.82i 21.47d 6.04g

Different letters in each column indicate significant differences at p < 0.05; I1, 12, 13, and 14: Irrigation after 70, 100, 130, and 160

mm evaporation, respectively.
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Figure 2. The oilseed rape plant height under different irrigation levels (A) and nano fertilizers (B); 11, I, I3, La: Irrigation

after 70, 100, 130, and 160 mm evaporation, re:
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Figure 3. The oilseed rape 1000-grain weight under different irrigation levels (A) and nano fertilizers (B); 1i, Ip, I3, La:

Irrigation after 70, 100, 130, and 160 mm evaporation, respectively; Different letters indicate a significant difference at p < 0.05.

increased 1000-grain weight (Figure 3B).

Khan and Khan (2015) also reported that foliar
application of ZnO increased the 1000-grain
weight of maize. Higher grain weight in the
ZnO-applied plots could be attributed to the
leaf area

micro-element effects on the

development, and  greater  assimilate

production (SeifiNadergholi et al. 2011).

Grain yield

The grain yield per unit area was significantly

decreased by drought stress, but it was
increased by foliar treatments of ZnO and
MgO in all watering levels. The higher grain
yield was recorded in the normal irrigation
with the MgO treatment, with no difference
between normal irrigation and the mild water
deficit (Table 4). Loss of grain yield, especially
under moderate and severe drought stress was

the result of decreasing CCI, plant biomass,

grains per pod, and grains per plant (Table 4).

The ZnO nanoparticles are stable and
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affordable to synthesize and have shown an
appreciable potential to improve crop
productivity under abiotic stresses such as
drought (Deka et al. 2019). Fatemi et al. (2022)
also reported that MgO nanoparticles
compensated for the sunflower production
losses under water stress, through the
improved antioxidant system, enhanced
photosynthetic pigments, and increased
primary metabolites. The increased grain yield
in response to Zn application could be due to
the higher enzymatic activity that effectively
increased photosynthesis and translocation of

assimilates to the grains (Zayed ef al. 2011).

Oil content

Foliar application of ZnO and MgO increased
the oil content of oilseed rape in all irrigation
levels. The highest oil percentage and oil yield
were obtained in the MgO-treated plants under
normal irrigation, with no significant
difference between the normal irrigation and
mild stress. Decreasing the oil yield of oilseed
rape with increasing water shortage was the
consequence of decreasing grain yield and oil
percentage (Table 4). The low oil content of
drought-stressed plants may be the result of a

shorter grain-filling period under stress (Farzi-

Aminabad et al. 2021). This stress-induced
reduction of oil content could be also related to
the grain’s capacity for oil accumulation and
oxidation (Mohammadi et al. 2018). The
higher oil production values may be related to
MgO and ZnO abilities to stimulate enzymatic

activities (Nandhini et al. 2019).

Conclusions

Moderate and severe water deficits reduced
grain yield and oil content of oilseed rape
through increasing leaf temperature and
decreasing LWC, MSI, CCI, and plant biomass.
However, foliar spray of nano-ZnO and nano-
MgO improved yield components and grain
and oil yields, mainly through enhancing MSI,
CCIL, and plant biomass under normal and
limited  irrigations.  Therefore,  foliar
application of MgO and ZnO nanoparticles
could be an effective way to improve the

physiological performance and productivity of

oilseed rape plants under stressful conditions.
Acknowledgments
We appreciate the financial support of this

research work by the University of Tabriz.

Conflict of interest



228 Ghassemi-Golezani et al. 2023, 13(2): 217-231

The authors declare that they have no conflict the subject of the manuscript.

of interest with any organization concerning

References

Auld DS, 2001. Zinc coordination sphere in biochemical zinc sites. Biometals 14: 271-313.

Boyer JS. 1976. Water deficits and photosynthesis. In: Kozlowski TT (ed.) Soil water measurement,
plant responses, and breeding for drought resistance. Academic Press. pp. 153-190.

Cakmak I, Yazici AM. 2010. Magnesium: A forgotten element in crop production. Better Crops. 94(2):
23-25.

Chugh G, Siddique KH, Solaiman ZM. 2021. Nanobiotechnology for agriculture: Smart technology

for combating nutrient deficiencies with nanotoxicity challenges. Sustainability. 13: 1781.

Corredor E, Testillano PS, Coronado MJ. 2009. Nanoparticle penetration and transport in living
pumpkin plants: in situ subcellular identification. BMC Plant Biol. 9: 45-54.

Dastborhan S and Ghassemi-Golezani K, 2015. Influence of grain priming and water stress on
selected physiological traits of borage. Folia Horticulture 27: 151-159.

Deka DC, Kalita A, Bardaloi S, Kalita MPC. 2019. Influence of capping agent on structural, optical
and photocatalytic properties of ZnS nanocrystals. J Lumin 10: 269-275.

Ducic T, Polle A. 2005. Transport and detoxification of manganese and copper in plants. Braz J Plant
Physiol. 17(1): 103-112.

Farzi-Aminabad R, Ghassemi-Golezani K, Nasrollahzadeh S. 2021. Grain and oil yields of safflower
(Carthamus tinctorius L.) affected by water deficit and growth regulators. Agriculture
(Polnohospodarstvo). 67(2): 87-94.

Fatemi A, Moaveni P, Daneshian J, Mozafari H, Ghaffari M. 2022. Magnesium nanoparticles improve
grain yield, oil percentage, physiological, and biochemical traits of sunflower (Helianthus
annuus L.) under drought stress. J Agric Sci Technol. 24: 665-678.

Freitas DC, de Andrade AM, da Costa LF, Azevedo RA, Arruda MA. 2021. There is plenty of room
at the plant science: A review of nanoparticles applied to plant cultures. Ann Appl Biol. 178(2):
149-168.

Ghassemi-Golezani K, Ghanehpoor S, Dabbagh Mohammadi-Nasab A. 2009. Effects of water

limitation on growth and grain filling of faba bean cultivars. J Food Agric Environ. 7: 442-447.

Ghassemi-Golezani K, Afkhami N. 2018. Changes in some morpho-physiological traits of safflower
in response to water deficit and nanoparticles. J Biodivers Environ Sci. 12: 391-398.

Ghassemi-Golezani K, Abdoli S. 2021. Improving ATPase and PPase activities, nutrient uptake and
growth of salt stressed ajowan plants by salicylic acid and iron-oxide nanoparticles. Plant Cell

Rep. 40: 559-573.

Ghassemi-Golezani K, Ardalan N, Raei Y, Dalil B. 2022. Improving some physiological and yield
parameters of safflower by foliar sprays of Fe and Zn under drought stress. J Plant Physiol
Breed. 12: 15-27.

Ghassemi-Golezani K, Ghassemi S Yaghoubian I. 2016. Salicylic acid regulates physiological
performance of milk thistle (Silybum marianum L.) under water stress. Adv Biores. 7: 34-40.



Improving physiological performance and productivity of oilseed rape under drought... 229

Ghassemi-Golezani K, Heydari Sh, Dalil B. 2018. Field performance of maize (Zea mays L.) cultivars
under drought stress. Acta Agric Slov. 111: 25-32.

Ghassemi-Golezani K, Heydari Sh, Dalil B. 2016. Changes in grain oil and protein contents of maize
cultivars at different positions on the ear in response to water limitation. Acta Agric Slov. 107:
311-3109.

Ghassemi-Golezani K, Mabudi Bilasvar H, Mohammadi Nassab AD. 2019. Improving rapeseed
(Brassica napus L.) plant performance by exogenous salicylic acid and putrescine under
gradual water deficit. Acta Physiol Plant. 41: 192.

Ghassemi-Golezani K, Mousavi SA. 2022. Improving physiological performance and grain yield of
maize by salicylic acid treatment under drought stress. J Plant Physiol Breed. 12: 1-10.

Gooding M, Ellis R, Shewry P, Schofield J. 2003. Effects of restricted water availability and increased
temperature on the grain filling, drying and quality of winter wheat. J Cereal Sci. 37: 295-3009.

Igbal MA. 2019. Nano-fertilizers for sustainable crop production under changing climate: A global
perspective. In: Hasanuzzaman M, Teixeira Filho MCM, Fujita M, Rodrigues Nogueira TA
(eds.). Sustainable crop production. IntechOpen. Available from:
http://dx.doi.org/10.5772/intechopen.8§9089

Khan HA, Khan A. 2015. Phosphorus and zinc fertilization on maize yield and yield components. Int

J Agric Environ Res. 1: 62-67.

Khan HR, McDonald GK, Rengel Z. 2003. Zn fertilization improves water use efficiency, grain yield,
and grain Zn content in chickpea. Plant Soil. 249: 389-400.

Larcher W. 2000. Temperature stress and survival ability of Mediterranean sclerophyllous plants.
Plant Biosyst. 134: 279-295.

LiuY, Fiskum G, Schubert D. 2002. Generation of reactive oxygen species by mitochondrial electron
transport chain. J Neurochem. 80: 780-787.

Lu Z, Chen J, Percy RG, Zeiger E. 1997. Photosynthetic rate, stomatal conductance and leaf area in
two cotton species (Gossypium barbadense and Gossypium hirsutum) and their relation with
heat resistance and yield. Aust J Plant Physiol. 24: 693-700.

Mohammadi M, Ghassemi-Golezani K, Chaichi MR, Safikhani S. 2018. Grain oil accumulation and

yield of safflower (Carthamus tinctorius L.) affected by water supply and harvest time. Agron
J 110: 586-593.

Mohammadian R, Moghaddam M, Rahimian H, Sadeghian SY. 2005. Effect of early season drought
stress on growth characteristics of sugar beet genotypes. Turk J Agric Forest. 29: 357-368.

Nandhini M, Rajini SB, Udayashankar AC, Niranjana SR, Lund OS, Shetty HS, Prakash HS. 2019.
Bio fabricated zinc oxide nanoparticles as an eco-friendly alternative for growth promotion
and management of downy mildew of pearl millet. J Crop Prot. 121: 103-112.

Prasad TN, Sudhakar P, Sreenivasulu Y, Latha P, Munaswamy V, Reddy KR, Pradeep T. 2012. Effect
of nanoscale zinc oxide particles on the germination, growth and yield of peanut. J Plant Nutr.
35: 905-927.

Qiu DL, Lin P, Guo SZ. 2007. Effects of salinity on leaf characteristics and CO2/H20 exchange of
Kandelia candel L. Druse seedlings. J For Sci. 53: 13-19.

Raliya R, Tarafdar JC, Singh SK, Gautam R, Choudhary K, Maurino VG, Saharan V. 2014. MgO
nanoparticles biosynthesis and its effect on chlorophyll contents in the leaves of cluster bean
(Cyamopsis tetragonoloba L.). Adv Sci Eng Med. 6: 538-545.



230 Ghassemi-Golezani et al. 2023, 13(2): 217-231

Reddy MP, Vora AB. 1986. Changes in pigment composition, hill reaction activity and saccharides
metabolism in bajra (Pennisetum typhoides L.) leaves under NaCl salinity. Photosynthetica. 20:
50-55.

Salehi-lisar SY, Bakhshayeshan-Agdam H. 2016. Drought stress tolerance in plants: Causes
consequences and tolerance. In: Hossain MA, Wani ShH, Bhattacharjee S, Burritt DJ, Phan
Tran Lam-Son (eds). Drought stress tolerance in plants. Springer: Cham. Vol. 1. pp 35-60.

SeifiNadergholi M, Yarnia M, RahimzadeKhoei F. 2011. Effect of zinc and manganese and their
application method on yield and yield components of common bean (Phaseolus vulgaris L.
CV. Khomein). Middle East J Sci Res. 8: 859-865.

Sikorska A, Gugata M, Zarzecka K. 2020. The impact of foliar feeding on the yield components of
three winter rape morph types (Brassica napus L.). Int J Agric. 5: 107-116.

Verbruggen N, Hermans C. 2013. Physiological and molecular responses to magnesium nutritional
imbalance in plants. Plant Soil. 368: 87-99.

Weisany W, Sohrabi Y, Heidari G, Siosemardeh A, Ghassemi-Golezani K. 2011. Physiological
responses of soybean (Glycine max L.) to zinc application under salinity stress. Aust J Crop Sci.
5: 14-41.

Zayed BA, Salem AKM, El-Sharkawy HM. 2011. Effect of different micronutrient
treatments on rice (Oriza sativa L.) growth and yield under saline soil conditions. World
J Agric Sci. 7: 179-184.


https://doi.org/10.1515/opag-2020-0011

Improving physiological performance and productivity of oilseed rape under drought... 231

2 30 969y @153 gl (Sl Jolomo b (Slbs (A3 o 135 aadgi 9 S fglgr a8 o Slos o9

"ol (aol (o058 4y 97 (ary g ) (GBS ol WBLS
35 35 oIS 155,505 0SS o5l 5T 09T obisl )
o ey olRadls (65,9l el el ;o | wliss IS -Y
P s oKl ¢(55,9LaS 0uStils 25 Al (s35)5 58 (6 5SS (gl Y

Email: golezani@gmail.com sl Joius

oaS
ool b ools o 3 YAV Jlo o 1S5 ans b (ol ol slacSsl 5l B 50 ond 0,5 o S &j50 4 las 5o (lalojl S0
Vel o bl ey adla da e i) 6 T calies mobaw 5o (59, 9 mejmie 3 96 3L Jsl=e & (Brassica napus L.) 1;ls
Slgme g Ll S slos O 850eS 08,5 oL, (s g lawgie (el slo s 5 Jgomo (5 kol (sl pusid o oo VFe g VYo () e

b Jelome 00,5 mlaw axly j0 il Jgame il 4y e aS olo palS 1) alS 00y ) g Judg S slyime dLié g lul oS Ol


mailto:golezani@gmail.com

232 Ghassemi-Golezani et al. 2023, 13(2): 217-231

50 a3l slans olS 0055 ;i £l dlié (Il ¢ b IS slgize « 5y slos p Ol gueS pae SIS S relS b 5l ol 3l
P r Gl Gl i lesd o Wlgi e D39l (L Jskome onlple w3 IS 85, 5 ails 3 Shes Rl cage il 58 ()39 5 A5

il aeyhe bl il )0 IS adgi o Sojalgn s 0, Sles (Sl 15 gl ol

Jd9, 15 slgizma o489, (Slaizme J3lS S slos s (gl 1 golS slaojly



