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Current experiment was conducted to investigate the effects of foliar application of different nutrients (control, nano-chelated
Fe, nano-chelated Zn, nano-TiO,, nano-Si) on seed yield and morpho-physiological characteristics of oilseed rape cultivars
(Hydromel, Neptune, Nathalie, Danube, Alonso). The highest pod numbers was achieved by foliar application of Zn and
nano-SiO, in cv. Hydromel and Neptune. The heaviest seeds were recorded for plants treated with nano-SiO,. The highest
seed yield was recorded for cv. Hydromel and Neptune treated with Fe and nano-TiO,. The highest indole acetic acid was
recorded in cv. Hydromel treated with Zn and nano-SiO,. The evaluation of plant pigments revealed that foliar application of
nano-SiO, and TiO, significantly increased the concentration of carotenoids and Chlorophyll a, b. Overall, the results indicate
that cultivating the high yielding hybrids (Hydromel, Neptune, Nathalie) along with the application of iron, SiO, and TiO,

nano-particles can greatly improve plant performance.
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Rapeseed (Brassica napus L.) is one of the most
important oilseed plants which its small seeds con-
taining more than 40% oil, and its meal has the same
protein content (Wanasundara et al. 2016). The eco-
nomic significance of Brassica oil seed crops can be
attributed to their role in global food security. In re-
cent decades rape has been cultivated in the through-
out world and its production is ranked third among
the major oil crop (Thiyam-Hollénder et al. 2012).
Rapeseed oil has high nutritional quality due to its
unsaturated fatty acids and absence of cholesterol.
Likewise, great volumes are need for processing oil
into biofuels as a renewable energy source that high-
light the request for the oil crop. In the last decade,
the area under rapeseed cultivation increased at the
rate of 1 million ha/year around the world to reached
around 34 million ha in 2016 growing season and

the average seed production was about 69 million
tons (FAOSTAT 2018). However, the cultivated area
of rapeseed in Iran is about 75,000 hectares and the
amount of grain production in these lands is about
139,000 tons. The comparison of the average yield
in Iran with the global average indicated that rapese-
ed production in Iran is subject to some restrictions.
Altogether, the introduction of a combinable broad-
leaved crop in crop rotation instead of a cereal mo-
noculture can increase yields of winter wheat by up
to 10% (Sieling & Christen 2015). However, the
oil content in different canola cultivars are signifi-
cantly variable and there is also a great variation in
the composition of fatty acids. On the other hand it
have been recognized that oil content and quality are
considerably affected by environmental conditions
and agronomic management. Between agricultural
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management, plant nutrition has an important effect
on the quantity and quality of rapeseed.

Balanced nutrient managements and soil en-
richment are very important management for im-
proving crop productivity (Danilovi¢ & Soltyso-
va 2010; Soltysova & Danilovi¢ 2011). Although
micronutrients are required in very low amount
for plant, their role is very important and exclusi-
ve. Zinc and iron are essential for plant growth and
they are involved in physiological processes such as
photosynthesis, production of phyto-hormones and
chlorophyll formation. Deficiency of micronutrients
can cause some substantial nutrient imbalances in
the plant, and ultimately reduce the quantity and qu-
ality of the crop product (Marschner 2011). Semi-
arid regions are faced with some restrictions such
as unfavorable climatic condition, highly alkaline
soils, bicarbonate content of the irrigation water,
low organic matter, and excessive application of the
phosphate fertilisers. These factors lead to severe
micronutrient, especially zinc and iron, deficiencies
in the soil (Tadayyon et al. 2017). In soil with micro-
nutrient deficiency or in semi-arid region with relati-
vely dry surface soil, the spraying of these elements
in rapeseed plant should be used early in the vege-
tative growth stage, which increases grain yield and
oil percent. It has been reported that zinc increases
the number of pods per plant, grain yield, and oil
percent (Ravi et al. 2008). Fe plays imperative role
in metabolic processes such as DNA synthesis, res-
piration, and photosynthesis, and it is also involved
in electron transport chain, synthesis of chlorophyll,
maintenance of chloroplast structure, redox balance
and ROS scavenging (Rout & Sahoo 2015).

In recent years, the application of some effec-
tive nanoparticles in agriculture has become wide-
spread. There has been a special focus on SiO, and
TiO, nano-particles. Although silicon is abundant in
the soil, but its absorbable form is very low. From
the last two decades there is growing evidence that
show silicon nanoparticles can be introduced as
one of the elite compounds for the enhancement of
agricultural yields (Ma et al. 2001; Ma 2004; Ma
& Yamaji 2006; Zhang & Fang 2010; Gerami &
Rameeh 2012; Van Bockhaven ef al. 2013; Zhu &
Gong 2014; Coskun et al. 2016; Sun et al. 2016;
Janmohammadi et al. 2017). Silicon (Si) has not
been proven to be an essential element for higher

plants, but its beneficial effects on growth have been
reported in a wide variety of crops, including rice,
wheat, barley, and cucumber (Ma et al. 2001). Bene-
ficial roles of Si in mitigating the biotic and abiotic
stresses appeared by inducing defense mechanisms
(Van Bockhaven et al. 2013; Zhu & Gong 2014).
Silicon nanoparticles have irregular shapes and they
are non-crystalline solids. Their distinct properties
such as nontoxic, large surface area, and especial
physicochemical properties is the result from their
size and shape characteristics.

In an experiment, nano-TiO, and SiO, enhance
the nitrate reductase activity in soybeans to strength-
en plant absorption ability (Lu et al. 2002). The
beneficial effects of nano-TiO, were considered on
germination of deteriorated seeds and vegetative
growth. It was indicated that the biological effects
are dependent on the size of particles and the applied
concentration (Gholami-Shabani et al. 2017).

Exogenous application of nano-TiO, can facili-
tate the production of pigments and transformation
of light energy to active electron and chemical ac-
tivity, thereby increasing photosynthetic efficiency
and affecting the light harvesting complex (Lei et al.
2007). These promote energy transfer and oxygen
evolution in photosystem II of spinach (Lei et al.
2007). It was found that, mineral form nano-TiO,
promotes antioxidant stress by decreasing the accu-
mulation of superoxide radicals, hydrogen peroxide,
and malonyldialdehyde content while enhancing the
activities of superoxide dismutase, catalase (ascor-
bate peroxidase), and guaiacol peroxidase, there-
by increasing the evolution oxygen rate in spinach
chloroplasts under UV-B radiation (Lei et al. 2008).
However, these effects vary from plant to plant, and
require more detailed and comprehensive studies.
Due to the extensive cultivation of rapeseeds in
northwest of Iran and other parts of the world and
in view of the potential effect of nano-TiO, on its
growth, this plant can be selected as the model sys-
tem. Already the positive effect of TiO, on germina-
tion of rapeseed (Brassica napus) was reported by
Mahmoodzadeh et al. (2013). In this present study,
the effects of nano-SiO,, nano-TiO,, Fe and, Zn, on
the seed yield and physiological parameters in rape-
seed were examined.
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MATERIAL AND METHODS

Site of study

The field trial was carried at Qazvin province,
Iran (36°08'N, 49°85'E) during the 2016-2017
growing season. The yearly average of precipita-
tion (30 years long-term period) was 301 mm that
typically concentrated during the autumn and winter
months (November to February). In August, preci-
pitation was at its lowest, with an average of 1 mm.
The greatest amount of precipitation occurred in
April, with an average of 75 mm. The climate of
location based on Kdppen climate classification is
BSK; semi-arid moderate (Peel et al. 2007). Soil
samples (0-30 cm) were collected at sowing and
analysed for some physic-chemical properties. The
soil texture of the studied area was clay loam with
0.31% organic matter content and pH of 7.6. Total
N content was 0.04%, available P was 9.13 mg/kg,
available K was 121.0 mg/kg, available Fe was 1.71
mg/kg, available Zn was 0.58 mg/kg and available
Mn was 2.28 mg/kg.

The previous crop was winter barley and sowing
was done with hand during the 4 week of Septem-
ber in 3 cm depth. Prior to sowing, the field was
thoroughly ploughed to ensure adequate soil aer-
ation. The field was irrigated prior to sowing to main-
tain proper moisture content in the subsurface of the
soil. The size of plots was 4 x 4 and there was eight-
row in each plot, 4 m long with spacing of 0.5 m
between rows, and at a rate of 20 seeds per meter
of row. The field was irrigated immediately after
planting and thinned at the rosette stage. A small
terraces of 1.5 m considered in the interspaces to
prevent contamination by surface run-off containing
fertiliser. There was no incidence of pest or disease
on plants during the experiment. The crop was kept
free of weeds by hand hoeing for 6, 8 or 10 weeks
after crop emergence. The experiment was laid out
according to a factorial randomized block design
(5 % 5) and was replicated three times. The first fac-
tor was foliar treatment included control (check;
no traetment), nano-chelated Fe (2,000 ppm),
nano-chelated Zn (2,000 ppm), nano-Ti (20 ppm),
nano-Si (20 ppm). The concentrations were se-
lected according to the results of previous experi-
ments in the region (Janmohammadi ef al. 2016;
Janmohammadi et al. 2017). The consumption rate
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was 100 cc/m?. Nano-chelated micronutrient fertil-
isers purchased from Fanavar Sepehr Parmans Co.
Iran. They contained nanoparticles of iron or zinc
oxide chelated by ethylenediaminetetraacetic acid
(EDTA). Nanoparticles of SiO, and TiO, were pur-
chased from the Pishgaman Nano, Iran. According
to the manufacturer, the particle sizes of SiO, ranged
from 20 to 100 nm. Synthesized nano-particles had
been characterized morphologically by transmis-
sion electron microscopy. Specific surface area of
nano-sized practices was 180-600 m?*/g and purity
was 99.7%. The foliar treatment was applied three
times during the vegetative and reproductive growth
stage (BBCH 23; 3 side shoots detectable, BBCH
36; stem elongation, BBCH 55; inflorescence emer-
gence). The second factor was rapeseed cultivars.
The winter hybrid cultivars used in the study were
Hydromel, Neptune, Nathalie, Danube, Alonso. All
hybrid were originated from France. Cultivar selec-
tion was based on yield performance from earlier
trials.

Measurement of chlorophyll concentration

Newly full expanded leaves were collected from
plants for biochemical analysis at initiation of seed
development stage (BBCH 70; pods formation). The
concentration of chlorophyll a and b measured using
a spectrophotometer according to Dere ef al. (1998).
For this purpose 100 mg of fresh fully expanded leaf
was collected from upper part of shoot and extracted
with 99% methanol and read absorption recorded
using spectrophotometer at 653 and 666 nm wave-
lengths, for chlorophyll a and b, respectively. Chlo-
rophyll concentrations were estimated according
blow equations: Chl-a = 15.65 A666 — 7.340 A653;
Chl-b=27.05 A653 — 11.21 A666. Total carotenoids
were estimated according 1000 A470 — 2.860 Chl-a
—129.2 Chl-b/245.

Measurement of malondialdehyde

Malondialdehyde (MDA) is one of the most com-
monly reported biomarkers of lipid peroxidation.
MDA content was estimated in shoots as described
by Heath & Packer (1968) through a colorimetric
method. Shoot samples were homogenized in 2 ml
of 0.1% trichloroacetic acid (TCA) and centrifuged.
Then, 0.5 ml of supernatant was mixed with 2 ml of
20% TCA containing 0.5% thiobarbituric acid. The
mixture was incubated at 95°C for 30 min. The sam-
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ples were centrifuged at 10,000 rpm for 10 min. The
absorbance of the supernatant was read at 532 and
600 nm. The amount of MDA was calculated from
the extinction coefficient of 155 Mm/cm.

Quantitation of sugar, proline and indole acetic acid

Total amount of sugar was determined by phe-
nol-sulfuric acid method (Dubois et al. 1956). Their
concentration in the extract was determined at
490 nm in a spectrophotometer, using glucose as the
standard. Proline content was determined according
to the method of Bates ez al. (1973). Dai et al. (2009)
procedure was followed to determine H,O, content
of the supernatant. The extraction and assessment
of 3-indole acetic acid was conducted according to
Sheikhian & Bina (2016).

Evaluation of yield components

At maturity stage most of the leaves were turn
a brown color and very little green remained on the
latest emerged pods. Plants were harvested at ground
level by hand from late July to early August. Data
on growth characteristics and yield components
were recorded on fifteen plants randomly selected
from the three middle rows. The evaluated agrono-
mic traits included length of pod, number of seed
per pod, stem diameter, seeds numbers per plants,
thousand seeds weight. Plant height was evaluated
from ground level to the tip of main stem at maturity
time. Biological yield was obtained by plant cutting
from ground level at maturity stage. Straw yield was
calculated by subtracting seed yield from dry matter
yield. Harvest index was calculated as the ratio of
grain yield to aboveground dry matter at maturity.
Depending on the number of factors assessed, data
were subjected to analysis of variance using SAS
statistical package to assess the effect of treatments
and their interactions on the analysed traits. Signifi-
cant differences between means were then determi-
ned using the LSD at 95% confidence (P < 0.05). All
applied tests were two-tailed.

RESULTS

Result of variance analysis showed that foliar
treatment considerably affected plant height. The
tallest plant was recorded under nano-particles (Si
and Ti) application condition. However, the appli-

cation of micronutrients increased the plant height
by 11-13% over the control (Table 1). Length of
the pod as one of the most influential yield compo-
nent affected by foliar treatment. The longest pod
recorded for plant treated by nano-SiO, and Fe.
Also number of seed per pod noticeably responded
to foliar treatment so that the highest number of
seeds per pod was recorded for Zn-treated plants.
Although the application of iron, nano-SiO, and
TiO, could improve the number of seed per pod by
about 9% compared to the control, the improving
of effect zinc application was much more evident
and increased this component by 28%. Assessment
of pod number per plants showed that reaction of the
cultivars to the foliar treatments was very different.
The highest pod number was related to cv. Natha-
lie treated with Fe, cv. Danube treated with Zn, cv.
Alonso treated with nano-Ti and cv. Hydromel treat-
ed with nano-SiO, (Figure 1). However, the lowest
pods number were found in the cv. Natalie, Danube,
and Alonso under control conditions.

Evaluation of stem diameter showed that this
trait significantly affected by foliar treatment and
also there was significant difference between the
stem diameter of cultivars. The thickest stem was
recorded for plant treated with Zn and nano-SiO,.
Mean comparison between cultivars showed that the
thickest stem was recorded for to Hydromel cultivar
(Table 1). Valuation of 1,000-seed weight showed
that heaviest seed was obtained by foliar application
of nano-SiO, in cv. Hydromel, Nathalie, Danube
and Alonso (Figure 2). Likewise, the application of
nano-TiO, and Zn in cv. Hydromel and Nathalie also
had positive substantial effects on this trait. Evalu-
ation of seed yield showed that all foliar treatments
significantly increased seed yield when compared
with control. The best performance was recorded for
cv. Hydromel treated with Fe and nano-TiO, (Figure
3). The mentioned cultivars showed an acceptable
performance by most of the foliar treatments. Zn
and nano-Ti application could significantly improve
the seed yield of Alonso cultivar.

Investigation of proline content showed that
the highest amount was related to cv. Neptune and
Nathalie which treated with nano-Ti and Zn. As-
sessment of sugar content showed that foliar treat-
ment significantly affected this trait (P < 0.05).
The highest amount was recorded for plants treat-

119



Agriculture (Polnohospodarstvo), 64, 2018 (3)

2 116—127

ed with nano-SiO,, Fe and nano-TiO,, respective-
ly. The mentioned treatments increased sugar con-
tent by 6%. Comparisons of sugar content between
cultivars showed that the highest sugar content was
related to Alonso, Danube and Nathalie cultivars,
respectively.

The study of pigments indicated that the inte-
raction of foliar treatment x cultivar for these was
highly significant components. The highest content
of chlorophyll a (chl-a) was recorded in Neptune
cultivar using nano-Ti and Zn. Assessment of chlo-
rophyll b (chl-b) showed that the highest content
was recorded in Hydromel and Alonso cultivars by
foliar application of Fe and nano-Si. This trend was
also observed for carotenoid content (Table 1). Eva-
luation of hydrogen peroxide (H,O,) content showed
that the highest amount was related to untreat-
ed plants. The lowest amount of H,O, was recoded
in cv. Neptune treated with nano-Ti, Fe and Zn (Fig-
ure 4). The highest amount of H,O, was observed in
Hydromel cultivar.

Reactive oxygen species can attack the polyunsa-
turated fatty acids of membrane lipids causing lipid
peroxidation and the disorganization of cell structu-
re and function. MDA is widely used as a biomarker
for assessing oxidative stress. Assessment of MDA
showed that lowest amount was related to cv. Alonso
treated with Fe. The highest level of MDA was ob-
served in the control condition (Figure 5). Although
all foliar treatments significantly reduced MDA, this
reduction was more pronounced for nano-SiO,.

Measurement of idole acetic acid showed that
the highest concentration was related to cv. Hydro-
mel treated with Zn and cv. Danube treated with
nano-TiO, (Figure 6). Also foliar application of Fe,
nano-SiO, in cv. Neptune and foliar application of
Fe and Zn in cv. Nathalie significantly increased
the idol acetic acid when compared with control.
Cluster analysis of combined treatments based on
similarity is shown in Figure 7. Cluster I showed
the lowest performance. Cluster II which included
cv. Hydromel and foliar application of Zn and Fe

Table 1

Effect of foliar application of different nutrients on morpho-physiological traits of winter oilseed rape (Brassica napus L.)
hybrids

Treatment PH LP NSP Pro SU CHA CHB Car
Control (No fertiliser) | 159.26° 6.07% 21.93% 10.86° 52.10¢ 1.37° 236.39¢ 120.25¢ 234.32¢
nano-chelated iron 173.26 6.86% 23.86% 12.55% 53.49° 1.36° 284.64¢ 276.90* 573.39°
nano-chelated zinc 178.40° 6.66° 27.13¢ 14.24¢ 52.55¢ 1.45¢ 313.21° | 217.59¢ | 434.01¢
nano- titanium 190.33¢ 6.65° 23.73® 12.79% 55.99¢ 1.43» 384.93* | 199.37¢ | 469.91¢
nano- silicon 190.46° 7.142 23.80® 14.55° 52.63¢ 1.45¢ 294.56° | 255.54* | 655.24°
Cultivars
Hydromel 183.40° 6.81% 24.26° 15.18° 51.48¢ 1.37° 258.66% | 311.42* | 861.18°
Neptune 181.80° 6.48° 24.06° 13.92¢ 54.69° 1.39%® 355.46* | 200.99¢ | 386.69°
Nathalie 171.80° 6.74° 25.26° 12.16° 54.50° 1.43%® 277.64° | 208.76° | 433.05°
Danube 177.80%® 6.70° 22.80° 11.88° 53.81° 1.42:® 261.36% | 139.17¢ | 259.26¢
Alonso 176.93* 6.65° 24.06° 11.86° 52.28¢ 1.46 324.64° | 209.31° | 426.69°
Level of significance
T + ++ + + + ++ ++ ++
C Ns Ns Ns ++ + ++ ++ ++
TxC Ns Ns Ns + Ns ++ ++ ++

PH — plant height [cm]; LP — length of pod [cm]; NSP — number of seed per pod; SD — stem diameter [cm]; Pro — proline
content [mM]; SU — sugar content [pmol/g FW]; CHA — chlorophyll a concentration [mmol/g FW]; CHB — chlorophyll b
concentration [mmol/g FW]; Car — carotenoid concentration [mmol/g FW]. LSD — Least Significant Difference at P < 0.05.
In each column, values with similar letter(s) are not significantly different at the 5% level of probability. Ns — Not significant,
+ — Significant at 5% level of probability, ++ — Significant at 1% level of probability.

120



Agriculture (Polnohospodarstvo), 64, 2018 (3): 116—127

had significant effect some morpho-physiological
traits. However, they have not considerable effect
on the physiological characteristics and measured
metabolites and may affect the yield through other
mechanisms. Cluster III included different foliar
treatments for cv. Neptun and Alonso that in terms
of the efficiency of the studied traits, they were in
the middle classes. Cluster IV included compounds
that had the most effect on physiological properties.
The effect of Si was more prominent for cv. Alonso,
Nathali, Neptune and Hydromel.

DISCUSSION

The results showed that all foliar application
of nano-particles and micronutrients improved the
yield components. However, the effect of Fe and
Si was more pronounced than other treatments.
These results may indicate the serious deficiency
of micronutrient especially Fe in studied location.
The main reason for the micronutrients deficiencies
in these areas is due to the following: low precipi-

tation, low soil moisture, high soil pH, calcareous
soils, antagonistic effects between the elements in
soil, low soil organic matter, successive cultiva-
tion and inaccurate soil tillage. In such a situation,
the foliar application of micronutrients is the best
nutritional method. However, the long-term sustain-
ability of many existing cropping systems in arid
and semi-arid environments is questionable because
of very low return of organic matter to the soil and
high decomposition rate of organic matter that can
lead to very low organic matter contents in soils.
Therefore, large annual rates of organic inputs are
required to sustain an adequate labile soil organic
matter pool in cultivated area.

Results of this study showed that foliar applica-
tion nano-fertilisers and nano beneficial particles
significantly affected seed yield which corroborate
the findings of a great deal of our previous work on
barley under supplemental irrigation in semi-arid
region (Janmohammadi et al. 2016). The results of
cluster analysis revealed that the effects of foliar
treatments were different on cultivars. For newly
introduced hybrids, it is necessary to assess the
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Figure 1. The effects of micronutrient and beneficial nano-particles on number of the pod per plant in different rapeseed
hybrids. Control: without application of nano-particles and micronutrients. C1: Hydromel, C2: Neptune, C3: Nathalie,
C4: Danube, C5: Alonso. The vertical bar on columns are standard error (SE). The bold horizontal line on columns are
average points. The non-overlapping columns are not statistically different at 5% level of probability.
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appropriate production technology for different en-
vironments. Amongst many others, the nutritional
requirements of the crop are considered to be the
most important factor. Also, it has been revealed
that the use of some nanoparticles could improve the
plant performance by increasing defense capacity
(antioxidant capacity) and accelerating the growth
process by improving chlorophyll content and pho-
tosynthetic capacity of source (Mohammadi et al.
2016). In this study the pigments content affect by
foliar treatments. However, in this regards Lukas
et al. (2014) reported that the relationships betwe-
en crop parameters and chlorophyll meter read-
ings are not generalisable and thus the interpreta-
tion of N-Tester results has to be done separately
for each field. Numerous roles have been proposed
for anthocyanins induced during abiotic stresses in-
cluding functioning as reactive oxygen species
(ROS) scavengers, photoprotectants, and stress to-
lerance. Our resulted also showed that proline con-
tent was considerably affected by foliar treatments.
Proline can intervenes in the prevention of oxygen
radical production or it can act as scavenger of ROS
and other free radicals (Liang ef al. 2013).

There was a significant positive effect of nano-Ti
and Fe on chlorophyll and carotenoids. Chlorophyll
is essential for photosynthesis. It serves two prima-
ry functions in the photo systems. The major func-
tion of chlorophyll is to absorb light and transfer
that light energy into chemical energy. Chl-a is the
pigment that interacts directly in the light requiring
reactions of photosynthesis. Chlorophyll b or Chl-b
is different from Chl-a in only one of the functional
groups bonded to the porphyrin. It is an accessory
pigment and acts indirectly in photosynthesis by
transferring light it absorbs to Chl-a. This finding is
in agreement with Gao et al. (2008) findings which
showed exogenous application of nano-Ti during
spinach growth stage promoted chlorophyll forma-
tion, Rubisco activase activity and photosynthetic
rate which finally lead to increase in plant dry mass.
Sugars, which are produced by the plant during pho-
tosynthesis process, are a necessary component of
plant growth. The photosynthetic active organs that
supply sugars for the rest of the plant are called the
sources. Source organ export carbon skeletons to
sink. The “sink” as one requiring import of carbon,
the “sink strength” as the ability of a tissue or an
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Figure 5. The effect of micronutrient and beneficial nano-particles on concentration of malondialdehyde in different rapeseed
hybrids. Control: without application of nano-particles and micronutrients. C1: Hydromel, C2: Neptune, C3: Nathalie, C4:
Danube, C5: Alonso. The vertical bar on columns are standard error (SE). The bold horizontal line on columns are average
points.
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Figure 6. The effect of micronutrient and beneficial nano-particles on content of Indole-3-acetic acid (IAA) in different
rapeseed cultivars. Control: without application of nano-particles and micronutrients. C1: Hydromel, C2: Neptune,
C3: Nathalie, C4: Danube, C5: Alonso. The vertical bar on columns are standard error (SE). The bold horizontal line on
columns are average points.
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organ to mobilize photo-assimilates, the “sink ca-
pacity (or sink size)” as the capacity of a tissue or
organ to import and store further compounds from
the source(s) and the “sink activity” by the rate
of respiration. On the other hand, the results indi-
cated that the use of micronutrients and nano-SiO,
can increase some of the performance components,
such as the number of seeds per pod, which means
increasing the size of the reservoir. Altogether, re-
sults showed that application of micronutrients and
nano-particles could affect the source-sink relation-
ship. This finding corroborates the ideas of Paul &
Foyer (2001), who suggested that the source-sink
relationship determines crop yield, and it is largely
regulated nutrients moments.

In addition, our results showed that lipid peroxi-
dation, membrane integrity and active and destruc-
tive oxygen species affected by foliar application of
micronutrients and nanoparticles. Therefore, part of
the increase in plant performance can be due to the
strengthening of defense system sand scavenging of
reactive oxygen species. The findings of the current
study are consistent with those of Wang et al. (2015)
who found that nano-Si application alleviated abio-

0.00

tic stress by decreasing MDA level and by increasing
content of some mineral elements (Mg, Fe, and Zn)
and antioxidant capacity. Also MDA reduction in
this study after foliar application of nano-TiO, are
in agreement with earlier findings of Mohammadi
et al. (2016).

Investigating the content of sugar, proline, in-
doleacetic acid showed that foliar treatment affects
a very large number of intracellular processes that
eventually resultin improved performance. Although
it has already been shown that the exogenous appli-
cation of nanoparticles affects some metabolic
pathways (Ma 2004; Lei et al. 2008; Zhang & Fang
2010; Zhu & Gong 2014; Mohammadi et al. 2016),
our work is one of the few experiments that showed
that nano-TiO, and nano-SiO, can stimulate growth
by stimulating the auxin phytohormone.

Although the “green revolution” could remark-
ably improve crop production through applying the
modern agricultural technologies, with irrigation
and heavy doses of chemical fertiliser in some re-
gions, the arid and semi-arid areas have not signifi-
cantly profited from the “green revolution” as much
as regions that have sufficient precipitation. For this
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Figure 7. Cluster analysis of foliar treatments in rapeseed (Brassica napus) hybrids grown in semi-arid region of Qazvin.
1: Hydromel, 2: Neptune, 3: Nathalie, 4: Danube, 5: Alonso. The combined treatments in each cluster were somewhat similar

in terms of the effect on the studied traits.
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reason, any nutritional management treatment can
have significant effects on the amount of produc-
tion in this area and there are widespread aspects of
nutrition and production improvement. In the con-
ventional farming method, fertilisers from an inor-
ganic source may not protect soil structure, and they
may cause variations in pH and ion concentrations
of the soil sample (Sangeetha et al. 2017). Findings
of current study relatively showed that application of
nano techniques in chemical fertilisers can increase
their effectiveness.

CONCLUSIONS

The results of current experiment showed that
the best performance was recorded for foliar appli-
cation nano- TiO, (20 ppm), Fe and Zn (2,000
ppm). This improvement could be due to increased
growth stimulating hormones, increasing the effec-
tive compounds in defense systems such as proline
and anthocyanins, photosynthetic pigment enhance-
ment, improved membrane protection and ultimately
increased seed yield components. These results may
indicate the significant deficiency of micronutrient
in studied location. Also comparison of the cultivar
showed that there is significant variation between
the genotypes in terms of the response to foliar treat-
ments. Overall the best performance was recorded
for cv. Hydromel. Evaluation of interaction effects of
foliar treatment and cultivars indicated that applica-
tion of nano-SiO, could positively affect most of the
genotypes. The lowest oxygen reactive species was
recorded for cv. Neptune by application of Fe and
Zn. Nano-SiO, application considerably improved
the membrane integrity as indicated by low MDA
content in such treated plants. The highest indo lac-
tic was recorded in cv. Neptune, and Nathalie treated
with Fe, Zn and Ti. Altogether obtained results high-
lighted the importance of micronutrient fertiliser and
application of nano-TiO, in semi-arid region.
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