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Abstract

A two-year experiment was performed to evaluate the efficacies of hano-superabsorbent and bio-fertilizers on the field
performance of rapeseed under different levels of irrigation in 2018 and 2019. The experiment was arranged as the split-
plot factorial based on a randomized complete block design with three replications. Three irrigation levels (1, 12, Is:
irrigation after 70, 120, and 170 mm evaporation from class A pan, respectively) were arranged in main plots and
factorial combination of two levels of nano-superabsorbent (0 and 45 kg ha') and four levels of bio-fertilizers (control,
Azotobacter and Enterobacter, chitosan, and bacteria + chitosan) in sub-plots. The activities of antioxidant enzymes,
hydrogen peroxide, osmolytes, and malondialdehyde content were increased under 1, and ls. This reaction led to a
decline in leaf water content, membrane stability index, leaf protein content, and yield-related traits. Application of bio-
fertilizers especially chitosan + plant growth-promoting bacteria (PGPR) with and without nano-superabsorbent
increased antioxidant enzymes activities. Utilization of nano-superabsorbent decreased the activity of these enzymes.
The lack of reduction in these traits by application of nano-superabsorbent + bio-fertilizers indicates that the additive
effect of chitosan + bacteria is more than the reduction effect of nano-superabsorbent on these enzymes' activity. The
utilization of nano-superabsorbent with bio-fertilizers increased these enzymes’ activities through higher nitrogen
retention in the soil and increased fertilizer effect. The utilization of chitosan, PGPR, and nano-superabsorbent,
especially chitosan + PGPR + nano-superabsorbent, decreased proline content, however, increased soluble sugars,
protein, chlorophyll, leaf water contents, and membrane stability index, and consequently, these treatments affected
yield-related traits of rapeseed under water stress conditions.
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Introduction

Due to the increase in population and per capita
consumption of vegetable oil, the cultivation, and
processing of oilseeds in the world has grown
dramatically. Rapeseed is known as one of the
most important oil crops due to the suitable fatty
acids and high oil content of grains (Jian et al.
2019). The field performance of this important oil

crop could be limited by adverse conditions such

as water deficit (Ghassemi-Golezani et al. 2019).

Drought stress causes physiological and
biochemical changes, including decreased
photosynthesis, stomata conduction, and damage
to cellular membranes (Azarpanah et al. 2013).
Water deficiency causes the production of reactive
oxygen species (ROS) and the reduction and
decomposition of chlorophyll. During stress,

chlorophyll decomposes in chloroplasts, and
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thylakoid structures disappear (Choudhary et al.
2017). ROS can increase the content of
malondialdehyde through the oxidation of lipids,
thereby disrupting the cell's natural mechanism
(Erdogan et al. 2016). Decreased photosynthetic
pigments and increased lipid peroxidation under
gradual drought in rapeseed was reported by
Ghasemi Golzani et al. (2019). Plants by several
mechanisms including the synthesis of antioxidant
enzymes such as superoxide dismutase (SOD),
peroxidases (POX), catalase (CAT), and
polyphenol oxidases (PPO) can reduce reactive
oxygen species to water and oxygen molecules

and prevent oxidative stress (Ghassemi-Golezani

et al. 2019). The accumulation of solutions is
another type of plant's defensive response to water
deficiency (Emami Bistgani et al. 2017). During
water scarcity, the plant's access to water and
nitrogen absorption capacity is reduced, resulting
in reduced yield (Arve et al. 2011).

Researchers are looking for new ways to
reduce performance loss due to water scarcity.
The use of moisture-absorbing materials such as
superabsorbents is one of the suitable solutions
(Shahram et al. 2013). Superabsorbent polymers
are non-toxic and no trace of them remains in
nature  (Zohuriaan-Mehr et al.  2010).
Superabsorbents absorb water and after the drying
of the environment, the water inside the polymer
is gradually drained (Abdullah 2019). These
polymers, by gradually placing water, can ensure
proper plant growth under water scarcity (Shekari
et al. 2015). The application of nano-suppressants
increases plant available water thus increasing
plant tolerance under water stress (Abdallah

2019). Superabsorbent polymer, by improving soil

structure, provides suitable conditions for root
development (Sawut et al. 2014). These materials
increased the efficacy of fertilizers and nutrients
for the plant and reduced phosphorus loss by 84%
and nitrogen by 83% (Seyed-Doraji et al. 2011).
Superabsorbent increased relative water content
and decreased CAT and SOD activities and
membrane stability index (MSI) under water-
deficiency (Afkari 2018). Li et al. (2014) stated
that superabsorbent enhanced yield by increasing
pigment production, photosynthetic material
transfer, and reducing seed loss by providing
water at the critical stage of seed formation.
Afkari (2018) reported that superabsorbent
increased the sugar content of the solution by
increasing the leaf water.

More attention has recently been paid to the
ability of microorganisms to respond to water
deficiency (Liu and Zhang 2015). Plant growth-
promoting bacteria (PGPR) through biofilm
production, exo-polysaccharide secretion,
enhancing antioxidant responses, and the
accumulation of osmolytes, can ensure proper
plant growth under water scarcity (Chen et al.
2000). These bacteria affect plant nutrition by
providing some essential macro elements such as
nitrogen and phosphorus and microelements for
plant growth in the rhizosphere. PGPR affects root
structure by altering gene transcription and
biosynthesis of metabolites under drought
conditions (Vacheron et al. 2013). The application
of PGPR reduces the harmful effects of water
deficit on strawberries by increasing CAT, POX,
and PPO
malondialdehyde (MDA) and hydrogen peroxide
(H20 (Erdogen et al. 2016). Azotobacter can

activities and decreasing
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enhance the activity of some important nitrogen
metabolizing enzymes such as nitrate reductase in
plant organs, thereby improving the nitrogen
content under water stress (Ansari and Ahmad
2019). Mondal et al. (2017) showed that
combined fertilization of the phosphate-
solubilizing micro-organism and Azotobacter
increased the soluble sugar content (Ram Rao et
al. 2007).

Chitosan is a non-toxic organic material that
can reduce the damage of drought stress (Sharif et
al. 2018). Chitosan, as a carbon source, stimulates
the soil microorganisms and thereby enhances
plant performance (Cho et al. 2008). The
application of chitosan as a bio-fertilizer is
beneficial due to its degradability with no
environmental pollution (Escudero et al. 2017).
Chitosan increases plant resistance to drought by
increasing  water and  nitrogen  uptake
(Limpanavech et al. 2007), the content of
chlorophyll, protein, and osmolytes (Khordadi-
Varamin et al. 2018), cell membrane stability,
antioxidant enzyme activity (Mondal et al. 2012),
nitrogen fixation and effect on plant gene
expression (Li et al. 2017), and by reducing the
malondialdehyde content (Emami Bistgani et al.
2017). Chitosan application led to reduced
drought damage in basil (Ocimum basilicum L.)
by increasing antioxidant enzymes and
chlorophyll content (Pirbaloti et al. 2017). Due to
the importance of oilseed plants and because of
the lack of sufficient information about the
interaction of nano-superabsorbent and bio-
fertilizers on drought stress, this study was

undertaken to understand how rapeseed reacts to

the use of these drought modifiers at different

irrigation levels.

Materials and Methods

Field experiment To investigate physiological
changes of the rapeseed under irrigation at
different levels in response to  nano-
superabsorbent, growth-promoting bacteria, and
chitosan, two field experiments were conducted as
split-plot factorial based on the randomized
complete block design with three replications
during 2018 and 2019 at the Research Station of
the University of Tabriz, Iran. Irrigation levels (I,
I, ls: irrigation after 70, 120, and 170 mm
evaporation from class A pan, respectively) was
assigned in the main plots, and factorial
combination of nano-superabsorbent (0 and 45 kg
ha') and bio-fertilizers (control, Azoto +
Enterobacter, chitosan, and bacteria + chitosan)
were applied in sub-plots. Urea (46% nitrogen)
and triple superphosphate fertilizers (150 and 100
kg ha?, respectively) were applied by the strip
method before seed planting based on the plant
requirements and soil analysis (Table 1). Nano-
superabsorbent (with a particle size of 200
microns and ion-free water uptake of 500 g) was
also placed at a depth of 10 cm before planting.
Seeds (cv. Delgan) were inoculated with chitosan
0.4 % and bacteria with the population of 2 x 107
CFU ml* before planting and sown on a flatbed in
1 cm depth with a density of 80 seeds per m?
based on the weather conditions. Each
experimental plot consisted of nine rows of 1 m
long spaced 20 cm apart. Immediately after

sowing, the plots were irrigated regularly, and
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Table 1. Some soil characteristics of the experimental site

Texture EC pH CaCO3 ocC N P K
Sandy Loam 0.77 7.75 14.8 0.7 0.077 13 3.82
dS/m % % % mg/Kg mg/Kg
after the seedling establishment, irrigation were used to measure the activities of POX

treatments were performed. Weeding of the field

was implemented as required.

Measurements
Soil-moisture: Soil sampling was performed with
a steel cylinder (diameter of 5 cm) from a depth of
0-30 cm in the soil near the harvest time. Field
capacity (FC) at 33 k Pa suction and permanent
wilting point (PWP) at 1500 k Pa suction were
determined using the compression plate method
(Dane and Hopmans 2002). Awvailable water
(AWC) was the
following formula:

AWC: FC — PWP
Soil nitrogen and phosphorus: After harvesting

content calculated using

the plants, composite soil sampling was done to
determine the percentage of nitrogen (Cottenie et
al. 1982) and available phosphorus concentration
(Keeney and Nelson 1982) from the depth of

rapeseed root development (0-30 cm) in each plot.

Antioxidant enzymes: For measuring the activity
of antioxidant enzymes, 1 g of the leaves
harvested at the flowering stage was completely
homogenized in the liquid nitrogen, then 10 ml of
sodium phosphate buffer (50 mM with pH= 6.8)
was added. The samples were centrifuged at 4 °C

for 20 min at 12000g. The resulting supernatants

(Gueta-Dahan et al. 1997), ascorbate peroxidase
(APX) (Nakano and Asada 1981), SOD, CAT
(Singh et al. 2010), and PPO (Ug* FW) (Kumar
and Khan 1982).

Lipid peroxidation: To measure MDA by the
method of Janero (1999), a certain amount of
fresh leaf samples (about 0.5 g) were prepared and
chopped in 5 ml of 5% trichloroacetic acid. These
samples were centrifuged for 20 min at 1000 g.
Then, 1 ml of 2% thiobarbituric acid solution was
added to 1 ml of supernatant and heated for 25
min at 95 "C and afterward, cooled immediately at
0-2 °C. The absorption was noted at 532 and 600
nm. About 1 g of leaf sample from each
experimental plot was homogenized in 5 mL of
0.1% trichloroacetic acid and then centrifuged at
16000g for approximately 15 min. After this time,
0.5 mL of the supernatant was mixed with 0.5 mL
of buffer (Potassium phosphate 10 mM pH 7), and
iodide, and the
absorbance rate was noted at 390 nm (Velikova et
al. 2000).

1 mL of 1 M potassium

Measurement of osmolytes: To measure the
proline content (Bates et al. 1973), about 0.5 g of
leaf sample was homogenized in 10 ml of 3%

sulfosalicylic acid. About 2 ml of glacial acetic
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acid + 2 ml of ninhydrin were mixed. Samples
were placed in a Bain-marie (at 100 °C for 1 h)
and then cooled in 0-5 °C. Then, 4 ml of toluene
was added to each sample, and the absorption was
noted at 520 nm. Finally, the amount of proline
(mg g* FW) was calculated according to the
standard curve obtained from different
concentrations of proline. Kochert (1978) method
was used to measure the soluble sugar (mg g*
DW) by using the standard curve obtained from

varying levels of pure glucose.

Chlorophyll a and b content: To determine the
pigment content, 400 mg of fresh leaf samples
were digested with 10 ml of 80% acetone and
centrifuged at 6000 g for 10 minutes. The
absorption rate was noted by a spectrophotometer
at 645 and 663 nm (Arnon 1949).

Leaf protein content (LPC): To measure the leaf
protein content, 1 g of the leaves harvested at the
flowering stage, was completely homogenized in
the liquid nitrogen, then 10 ml of sodium
phosphate buffer (50 mM with pH= 6.8) was
added. The samples were centrifuged at 4°C for
20 min at 12000 g. The resulting supernatants
were utilized to designate LPC in leaf samples by
the Bradford (1976) method.

MSI: After washing the leaves with distilled
water, a sample (0.1 g) of leaf tissue was removed
and placed in the double-distilled water (10 ml) at
a temperature of 40 °C for 30 min. Electrical
conductivity was measured after reaching 20-24

°C (Cy). The electrical conductivity of the samples

was measured after placing at 100 ° C for 10 min
(C2) (Ghassemi-Golezani et al. 2016):
MSI= (EC1/EC2) x 100

Leaf water content (LWC): The specimens were
transferred to the laboratory in an ice flask during
the flowering stage to measure LWC. In the
laboratory, leaf samples were weighed with scales
and recorded. Then, the samples were dried at 75
° C for 50 h, and afterward, their dry weight was
recorded. The LWC was determined as:
LWC (%) = [(FW-DW)/FW)] x 100
where FW and DW are the fresh weight and dry

weight of the leaf samples, respectively.

Grain and oil vyield: Plants were harvested
individually within 1 m? of the middle part of each
experimental plot after removing the marginal
effect at the time of maturity. At this time, the
moisture content of the seeds was about 16%. The
percentage of oil for the seeds of each plot was
determined using a Soxhlet, and the oil yield was
determined as:

Oil yield = seed yield x oil percentage

Statistical analysis

Data analysis including the comparison of means
(by Duncan’s multiple range test at p < 0.05) was
performed by the MSTATC software.

Results

Soil moisture

Mixing the nano-superabsorbent with soil
significantly increased the AWC. The FC values
were 15.62 and 39.24% for 0 and 45 kg h-1 nano-
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superabsorbent, respectively. The application of
45 kg of nano-superabsorbent increased the PWP
and AWC by 1.80 and 2.49 folds, respectively
(Table 2).

Soil nitrogen and phosphorus

The application of chitosan and PGPR, especially
chitosan + PGPR, resulted in the increased
nitrogen content and phosphorus concentration in
the soil. Application of nano-superabsorbent also
improved soil nitrogen content at all fertilizer
levels, especially the combined application of
nano-superabsorbent +  chitosan +  bio-

superphosphate (Table 3).

Enzyme activity and H.0, and MDA content

The interaction of drought stress x nano-
superabsorbent x bio-fertilizers was significant for
POX, SOD, CAT, PPO, and APX activities, and
also for MDA and H20: (p < 0.01). The activities
of enzymes and the H.O, and MDA content were
increased by increasing the drought stress. Nano-
superabsorbent and bio-fertilizers did not affect
the antioxidant enzymes activities and H.0,
content under |;. Bio-fertilizers and especially bio-
fertilizer + nano-superabsorbent increased the
antioxidant enzymes activities under I, and Is. The
application of all these treatments decreased the
content of MDA and H;O; under moderate to

severe stress (Table 4).

Osmolytes
The interaction of drought stress x nano-
superabsorbent  x  bio-fertilizers was also

significant for proline and soluble sugars. The

content of osmolytes increased by increasing
drought  stress.  Application  of  nano-
superabsorbent, chitosan, and PGPR reduced the
content of proline, despite the increased soluble
sugars content under I, and lIs. The application of
these treatments did not affect the content of
osmolytes under normal irrigation. The effect of
nano-superabsorbent ~ +  bio-fertilizers  on
osmolytes was more than other treatments (Figure

1A, 1B).

MSI and LWC

The effect of drought stress x nano-
superabsorbent x bio-fertilizers was significant for
the MSI. It decreased by increasing drought stress.
Application of nano-superabsorbent, chitosan, and
PGPR increased MSI under different levels of
irrigation. The application of chitosan and PGPR
with and without nano-superabsorbent showed the
highest MSI (Table 5).

The interaction of drought stress x nano-
superabsorbent x bio-fertilizers was significant for
the water content of rapeseed leaves. The water
content of rapeseed leaves was reduced under I,
and Is. The highest LWC was achieved by nano-
superabsorbent + bio-fertilizers treated plants,
followed by bio-fertilizers treated plants.
Untreated plants under severe stress had the
lowest LWC (Table 5).

Chlorophylls a and b content

The effect of drought stress x nano-
superabsorbent x bio-fertilizers was significant for
chlorophyll a and chlorophyll b. These traits

declined with  enhancing drought stress.
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Table 2. Changes in FC, PWP, and AWC of the soil in the experimental site

Nano-superabsorbent (kg h?) PWP AWC
(%)

0 7.82b 7.8b

45 13.84a 19.4a

Means with different letters in each column indicate a significant difference at p < 0.05; FC: field capacity; PWP:

permanent wilting point, AWC: available water capacity

Table 3. The effect of nano-superabsorbent, chitosan, and PGPR on soil nitrogen and phosphorus

Nano-superabsorbent Bio-fertilizer N
(kg ") (%) (mg kg?)
F1 0.092ef 15.20c
0 F2 0.107d 17.31b
F3 0.108d 18.85b
F4 0.143b 22.24a
F1 0.095e 15.21c
45 F2 0.116¢ 17.52b
F3 0.119c 18.90b
F4 0.157a 23.8%

Means with different letters in each column indicate a significant difference at p < 0.05; F1, F2, F3, F4: control,
chitosan, bacteria, and chitosan + bacteria, respectively; PGPR: plant growth-promoting bacteria

Chlorophyll a and Chlorophyll b content of plants
with or without nano-superabsorbent was
increased by fertilization, particularly by chitosan
+ PGPR. The application of bio-fertilizers and
especially bio-fertilizer + nano-superabsorbent led
to a synergistic increase in chlorophyll content
(Table 5).

LPC

Interaction of drought x nano-superabsorbent x
bio-fertilizers was significant for LPC. This trait
diminished as a consequence of enhancing

drought  stress.  Application  of  nano-

superabsorbent and bio-fertilizers, especially their
combined use, significantly increased the LWC
under 12 and 13. Nano-superabsorbent enhanced
LWC under I, and I3, but this enhancement was
considerable when nano-superabsorbent was
applied with bio-fertilizers. The use of bio-
fertilizers also increased LPC under normal
irrigation, but the nano-superabsorbent did not
alter the LPC at these conditions (Figure 1C).

Grain yield, oil percentage, and oil yield
The effect of drought stress x nano-

superabsorbent x bio-fertilizers was significant for
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Table 4. Changes in POX, APX, SOD, CAT, and PPO activities, and the H,0, and MDA content in rapeseed
leaves affected by nano-superabsorbent and bio-fertilizers under different levels of irrigation

o Nano- Bio- POX APX SOD CAT PPO H202 MDA
Irrigation -
superabsorbent ~ fertilizers (UgtFw) (mmol gL FW)

F1 0.2500p  0.250n 0.240n 0.280I 1.5500 0.105p 2.450rq
F2 0.2640p 0.300mn 0.280mn  0.2981 1.580n0  0.103p 2.330rst

S1 F3 0.260op 0.289mn  0.269mn  0.2911 1.570no  0.103p 2.350rs

F4 0.280no  0.330m  0.310m  0.310I 1.670n 0.102p 2.200u

Ih F1 0.247p 0.230n 0.219n 0.2791 1.5300 0.104p 2.400qr
F2 0.26lop 0.298mn 0.271mn  0.302] 1.570no  0.103p 2.300stu
S2 F3 0.2620p 0.287mn  0.267mn  0.3011 1.580n0  0.103p 2.280stu

F4 0.282n0  0.338m  0.319m  0.314l 1.680n 0.102p 2.100tu

F1 1.7001 2.400k 1.300k 2.170j 2.6101 0.220i 5.500i

F2 2.000i 2.860i 1.600i 2.520i  2.990k 0.200j 5.1501

S1 F3 1.800k  2.770ij 1.500j 2.389i  2.990k  0.209jk 5.250k

I2 F4 2.994g 3.440h  2.330gh  4.000e  3.900h 0.190I 4.3500

F1 1.500m 2.163l 1.1001 1.700k  1.800m  0.205jok 5.357j

F2 1.850k 2.850i 1.630i 2.580i  3.060jk 0.1921 4.950m

S2 F3 1.905j 2.798i 1.523j 2.440i 3.093j 0.196l1 4.820n

F4 3.010g 3.460gh  2.350g 4.300c  4.159f 0.175m 3.990p

F1 3.410f 3.900e 3.197e  3.600g  3.990g 0.390a 8.900a

F2 3.900c 4.490c 3.490c  4.185d  4.510c 0.320c 7.600d

S1 F3 3.700e 4.390d 3.317d 3.856f  4.451e  0.340bc 7.800c

I3 F4 4.997ab  5.420a 4.180a  5.43la 5.400ab  0.290d 6.207g

F1 2.900h 3.700f 2.700f 2.900h  3.200i 0.340b 8.020b

F2 3.850d 4.521c 3.423c  4.100de 4.500c  0.300cd 7.300e

S2 F3 3.839d 4.470c 3.400c  3.910ef 4.480d 0.3044cd  6.900f

F4 5.030a 5.398ab  4.100ab 5.416ab  5.457a 0.260e 5.900h

I XSX F+ ** ** ** ** ** ** **

*From the analysis of variance table; ™significant at p < 0.01; Means with different letters in each column indicate a significant
difference at p <0.05; POX: peroxidase, APX: ascorbate peroxidase, SOD: superoxide dismutase, CAT: catalase, PPO: polyphenol
oxidase, Hz202: hydrogen peroxide, MDA: malondialdehyde; I1, I2, Is: irrigation after 70,120, and 170 mm evaporation from Class
A pan; Si, S2: nano-superabsorbent at 0 and 45 kg h'%; Fi1, F2, F3, F4: control, chitosan, bacteria, and chitosan + bacteria,

respectively

grain yield, oil percentage, and yield. These traits
decreased by increasing drought stress. Grains
obtained from plants treated with bio-fertilizers,
especially bio-fertilizer + nano-superabsorbent
had the lowest oil percentage and highest grain
yield and oil yield, while separate application of
the oil

nano-superabsorbent increased only

percentage. The control plants (F1) under I; had

the lowest grain vyield. Application of nano-
superabsorbent and chitosan with PGPR resulted
in increased grain yield compared to the bacteria
inoculation alone under Is. The application of bio-
fertilizers and especially bio-fertilizer + nano-
superabsorbent led to a synergistic increase in

grain yield (Table 5).
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Table 5. Changes in MSI, LWC, Chl a, and Chl b of rapeseed leaves, grain yield, oil content, and oil yield affected
by nano-superabsorbent and bio-fertilizers under different levels of drought stress

Nano . MSI LwcC Chla Chlb Grain Oil Oil yield
R Bio ;
Irrigation Fertilizers vield

Superabsorbent (%) (mg g DW) (g/m?) (%) (g/m?)

F1 81.00c 72.11d 1.17e 0.73g 182.15de 42.99a 78.30c
F2 82.60b 74.13bc 1.59cd 0.87ef 209.21bc 42.09b 88.04ab
S F3 82.20b 75.85¢ 1.57d 0.84fg 206.33bc 42.00b 86.62ab

F4 84.00a 81.94ab 3.161a 1.88b 240.91ab 41.15c 99.13a
Iy F1 81.40c 73.99c 1.50d 0.80f 190.53cd 43.05a 82.02bc
F2 82.99b 75.21b 1.61cd 1.08cd 210.97bc 42.04b 88.69ab
S, F3 83.00b 76.71b 1.60cd 1.10cd 212.95bc 41.97b 89.37ab
F4 85.00a 83.90a 3.210a 2.45% 250.84a 41.10c 103.09a

F1 73.91h 62.10j 0.72fg 0.50jk 147.11gh 38.99e 55.01h
F2 76.90ef  65.21g  0.95ef  0.69gh  167.17ef  37.80gh  63.19fg
S1 F3 76.30ef 63.03h 0.87ef 0.60hi 157.28fg 38.00g 56.76gh
I, F4 79.50d 71.01de 1.95¢ 1.30c 211.47bc 37.19j 78.64cd
F1 75.40g 64.48i  0.85ef  057ij  153.19fg 39.70d 60.81gh
F2 77.90e 67.00ef 1.40d 0.86¢f 181.14de 38.30f 69.37de
S F3 77.75¢  68.43ef  180c  0097de  178.97de  37.75i 67.566¢f
F4 81.70c 77.51c 2.73b 1.96b 222.15abc 37.59i 83.50hc

F1 61.90mn 48.18qr 0.30i 0.25m 50.18j 34.001 16.10m

F2 66.90k 52.29n 0.56gh 0.39kI 76.41ij 32.01n 24.63kl

S F3 64.121 50.090 0.44hi 0.29mn 61.28j 33.00m 20.231

I3 F4 70.90i 59.43k 1.03e 0.70gh 138.87h 29.99q 41.6ij
F1 65.15kI 51.11p 0.50hi 0.32Im 59.45) 35.92k 21.351
F2 67.90jk 54.20m 0.91ef 0.52jk 98.44i 32.90m 32.38jk
S, F3 68.20j 54.68Im 0.92¢f 0.59ij 100.2i 31.400 31.40jk

F4 73.90h 64.97ij 1.59cd 1.08cd 199cde 30.70p 61.40hi

I )(SX F+ *% *% *%x *% *%x *% *%

+From the analysis of variance table; **significant at p < 0.01; Means with different letters in each column indicate a significant
difference at p < 0.05; MSI: membrane stability index, LWC: leaf water content, Chl a: chlorophyll a, Chl b: chlorophyll b. 11, Iz,
I3: irrigation after 70,120, and 170 mm evaporation from Class A pan; Si1, S2: nano-superabsorbent at 0 and 45 kg h'%; F1, Fz, F3,

F4: control, chitosan, bacteria, and chitosan + bacteria, respectively

Discussion

The application of nano-suppressants increased
plant water availability (Table 2), which indicates
their better tolerance to water stress (Abdallah
2019). The enhancement in soil PWP indicates
that the water stored in the nano-superabsorbent is
not fully available to the plant (Table 2). Sultana
et al. (2016) stated that superabsorbent gains
water retention in the soil. Increasing nitrogen by
the application of nano-superabsorbent with bio-
fertilizers (Table 3) can be due to more nitrogen
retention in the soil and prevention of leaching
(Seyed-Doraji et al. 2011). An increase in soil

nitrogen and phosphorus due to the application of

growth-promoting bacteria (Table 3) can be
related to their activity in nitrogen fixation and
insoluble phosphorus dissolution. PGPR dissolves
insoluble phosphorus in the soil by producing
organic acids and increasing the mobility of these
elements in the soil (Scervin et al. 2010). Chitosan
also improves soil nitrogen content (Table 3) and
the activity of microorganisms due to the presence
of nitrogen and carbon in its structure (Cho et al.
2008).

Increasing CAT, APX, SOD, POX, and PPO
activities under I, and I; (Table 4) indicate an
enhancement in ROS (Cakmakgi et al. 2012).

Despite the increase in the activity of antioxidant
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enzymes under drought stress, the increase in
H»O, production led to an increase in MDA and a
decrease in MSI (Table 4). Nano-superabsorbent
decreased oxidative stress in plants (Table 5) by
reducing ROS (Table 2), gradually providing
water to the plant (Tongo et al. 2014). Bio-
fertilizers  (particularly chitosan + PGPR)
decreased H.O. and MDA contents and increased
MSI of the rapeseed leaves by increasing
antioxidant enzymes activities (Table 2). Chitosan
and PGPR may increase the activity of antioxidant
enzymes (Table 4) by gene modification (Li et al.
2017) and improving root growth and accessing
nutrients (lbrahim et al. 2013). Chitosan inhibits
lipid oxidation (Table 4) by combining with lipids
and free radical scavengers or by antioxidant
enzymes (Hidangmayum and Dwivedi 2018).
Studies have shown that the inoculation of seeds
with PGPR reduced the content of MDA by
increasing the antioxidant capacity (Erdogan et al.
2016) and producing the ACC deaminase enzyme
(Glick 2014). PGPR also induces the expression
of genes responsible for drought stress such as
SAMS1, APX1, and HSP17.8 (Kasim et al. 2013).
The lack of reduction in these traits by application
of nano-superabsorbent + bio-fertilizers indicates
that the additive effect of bio-fertilizers is more
than the reduction effect of nano-superabsorbent
on the activity of these enzymes (Table 4). Kumar
et al. (2019) stated that the combination of
chitosan with PGPR led to an additive
improvement in the activity of PPO and POX
enzymes. Application of nano-superabsorbent
with bio-fertilizers also increased the effect of

fertilizers and nutrients by reducing nutrient

leaching (Table 3), thereby improving the activity
of antioxidant enzymes compared to the separate
application of nano-superabsorbent (Table 4).
Habibi et al. (2010) stated that superabsorbent +
PGPR treatment reduced the MDI content and
oxidative damage due to dehydration.

The accumulation of osmo-regulators in
rapeseed leaves under drought (Figure 1A, 1B) is
a mechanism for preventing peroxidation of
membrane lipids and maintaining water potential
in plant tissues (Emami Bistgani et al. 2017).
Increased proline content under I, and I; (Figure
1A) is due to the stimulation of synthesis through
glutamate and the prevention of its degradation in
protein synthesis (Lutts et al. 1996). Therefore,
increasing proline is a prerequisite for reducing
protein synthesis (Figure 1C). Also, the decrease
in protein synthesis can be attributed to the
changes in polysomes (Aghaei et al. 2008). Water
deficiency leads to protein degradation by the
production of ROS (Chen et al. 2000). The
increase in soluble sugars during drought stress
(Figure 1B) can be attributed to altered amylase
and invertase activity, hydrolysis of starch to
simple sugars, and synthesis of these compounds
by non-photosynthetic pathways (Hsiao 1973).
Despite the effect of these osmolytes on
improving the water content of the plant, the
reduction in available water by the roots due to
drought (Caser et al. 2017) was led to a decrease
in LWC (Table 5).

Decreased proline as a result of the use of
drought stress moderators (Figure 1A) is
associated with increased photosynthetic pigments
(Table 5) and protein synthesis (Figure 1A). The
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increase in soluble sugar in rapeseed leaves due to
the use of bio-fertilizers and nano-superabsorbent,
especially their combined use, maybe due to the
increase in LWC (Table 5). Chitosan degrades to
ammonia, an oligosaccharide, and a
monosaccharide and leading to an increase in
soluble carbohydrates (Khordadi-Varamin et al.
2018). Afkari (2018) stated that superabsorbent
increased the sugar content of the solution by
increasing the leaf water. Increased sugar content
and stress tolerance due to the use of bio-fertilizer
have been reported by Khajeeyan et al. (2019).
Increased LPC due to the application of bio-
fertilizer, especially bio-fertilizer + nano-
superabsorbent (Figure 1C) may be related to the
retention of water by nano-superabsorbent and
nitrogen supply by bio-fertilizers in the soil
(Tables 2 and 3), increased activity of antioxidant
enzymes (Table 4), and reduction of H,O, (Table
4). Studies have shown that chitosan and PGPR
also stabilize nitrogen, which is a key ingredient
in protein formation (Agbodjato et al. 2016). The
accumulation of soluble sugars (Figure 1B), and
enhancing chlorophyll content (Table 5) by the
treatments, particularly by nano-superabsorbent .
bio-fertilizers under drought stress, resulted in
higher LWC (Table 5).

The decrease in photosynthetic pigments with
increasing drought stress (Table 5) can be due to
decreased absorption of essential nutrients,
chlorophyll degradation by chlorophyllase, and
increased oxidative stress (Goldani 2012). Under
drought stress, the chlorophyll-protein complex in
the plant becomes unstable, thereby reducing the

formation of new plastids and chlorophyll a and

chlorophyll b content (Sharifa and Muriefah
2015). Increased activity of enzymes involved in
the proline synthesis during drought stress from
the glutamate pathway can lead to decreased
chlorophyll synthesis (Girija et al. 2002). The
synergistic effect of all these factors with each
other on enhancing chlorophyll a and chlorophyll
b content (Table 5) may be the result of a large
increase in the supply of the N and P (Table 2 and
3), and the activity of antioxidant enzymes against
ROS (Table 4) by bio-fertilizers, water supply and
prevention of nitrogen leaching by nano-
superabsorbent (Tables 2 and 3), and reduced
H.O, (Table 4) and proline (Figure 1A), and LWC
by all these treatments (Table 5). PGPR can also
induce siderophores synthesis (Raymond et al.
2004) which leads to iron mobilization and
chlorophyll synthesis (Shilev 2020).

The decreased grain yield of spring rapeseed
under drought stress was associated with a
decrease in MSI, LWC, photosynthetic pigments
(Table 5), LPC (Figure 1C), and increase in MDA
(Table 4) and their effect on the production of
photo-assimilates (Xu et al. 2018). Water scarcity
reduces the plant's access to water and nitrogen,
closes the stomata, and reduces the flow of carbon
dioxide into the mesophilic cells (Arve et al.
2011). Yield loss by the declined pigments
content, MSI, and increased MDA during drought
stress was reported by Ghassemi-Golezani et al.
(2019). The increase in grain yield by application
of bio-fertilizers and especially bio-fertilizer +
nano-superabsorbent under drought stress is the
result of the increase in the activity of antioxidant

enzymes (Table 4), MSI, chlorophyll content,
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LWC (Table 5), water, and N availability to the
plant (Table 2 and 3), and decreasing H.O, (Table
4). This increase in plant growth is the result of
increasing nitrogen uptake (Agbodjato et al. 2016)
and delaying senescence (Togay et al. 2008).
Moslemi et al. (2012) stated that the application
of superabsorbent + PGPR increased grain yield
compared to their separate application.

A decrease in oil yield under drought stress
was related to a loss in grain yield (Table 5).
Application of nano-superabsorbent by gradually
providing water (Table 3) and bio-fertilizers by
enhancing grain protein content due to increasing
nitrogen uptake (Dzung 2005; Narolia et al. 2013)
and LPC (Figure 1C), resulted in an increase and a
decrease in oil percentage of grains, respectively
(Table 5). The increase in oil yield with the use of
drought stress moderators is due to the increased
grain yield (Table 5). The effect of nano-
superabsorbent, chitosan, and PGPR in improving
oil yield was due mainly to the increase in soluble
sugar accumulation (Figure 1B) and reduction of
the lipid peroxidase level (Table 5) under I, and
Is. Reports showed that the use of chitosan in
thyme (Thymus vulgaris L.) (Emami Bistgani et
al. 2017) and PGPR in lemon balm (Melissa
officinalis L.) (Kazemi Nasab et al. 2015)
increased grain and oil yield by increasing the
content of osmolytes and chlorophyll and
reducing the peroxidation of lipids. The high grain
and oil production of rapeseed by application of
chitosan + PGPR, especially chitosan + PGPR +
nano-superabsorbent under water stress, indicates

a synergistic effect between these factors (Table

5). The application of nano-superabsorbent with
bio-fertilizers increased the effect of fertilization
on soil (Table 3) through the reduction of
nutrients waste (Seyed-Doraji et al. 2011). In this
study, chitosan and  nano-superabsorbent
increased the effect of PGPR on the rapeseed
yield. Nano-superabsorbent, as a water absorber
(Rafiei et al. 2013), and chitosan as nitrogen and
carbon source also elevate the performance of soil

microorganisms (Cho et al. 2008).

Conclusions

Our results revealed that drought stress increased
H.O,, MDA, and osmolytes content, despite
enhancing  antioxidant enzymes  activities.
Application of bio-fertilizers with and without
nano-superabsorbent, especially chitosan + PGPR
increased POX, SOD, CAT, PPO, and APX
activities, while separate application of nano-
superabsorbent decreased the activity of these
enzymes as compared to the combination nano-
superabsorbent with bio-fertilizers. This indicates
that the additive effect of bio-fertilizers is more
than the reduction effect of nano-superabsorbent
on the activity of these enzymes. Also, nano-
superabsorbent + chitosan + bio-superphosphate
resulted in the improved activity of these enzymes
through higher nitrogen retention in the soil and
increased fertilizer effect. Exacerbation of the
oxidative damage resulted in declined MSI, LWC,
chlorophyll, LPC, and vyield-related traits of
rapeseed under I, and Is. All these treatments
increased LWC, MSI, chlorophyll a, chlorophyll
b, and LPC under drought stress.
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