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Abstract

The objective was to test the effects of PGR on canola (Brassica napus L.) biochemistry including oil yield under drought
stress. A two-year (Y1 and Y2) split plot field experiment on the basis of a randomized complete block design with three
replications was conducted. The main factor was, drought stress levels, including irrigation after a reduction of 40 (D1), 60
(D2) and 80% (D3) of field capacity (FC) moisture, and the sub-factor was PGR including control (S1), soil application of
humic acid (S2), foliar applications of amino acid (S3), fulvic acid (S4) or seaweed extract (S5), and the combination of all
PGR (S6). Although drought stress significantly decreased plant chlorophyll contents (a, b and total), oil percentage and
oil yield, PGR significantly increased them. The D3 treatment, compared with control, decreased crop oil yield by 48.67
and 35.29% in the first and second year, respectively. However, treatment Y2D3S6 significantly increased oil percentage
(43.10%) compared with control (40.97%). The PGR increased seed oil yield, in D3, by a maximum of 254 kg ha™'. The
PGR numerically (p <0.0886) increased proline to 6.14 mg g' LFW (Y1D3S6) compared with control (4.79 mg g' LFW).
The PGR also significantly increased sugar content to 17.05 mg g' LFW, significantly different from the control (12.95 mg
¢! LFW). In conclusion, the tested PGR can improve the biochemical properties (quality) including oil yield of canola in
drought stress conditions, which is of economic and health significance.
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Introduction

Food production may be limited for the world’s growing
population in the next years. Accordingly, investigating the
factors, which affect growth and yield of agricultural crops,
especially in stress conditions, is one of the most important
aspects of crop production (Fitton et al. 2019; Chmielewska
et al. 2020). However, one important approach is to use
sustainable methods, which may enhance plant growth and
quality under different conditions including stress. Such
methods are environmentally and economically recom-
mendable as they reduce the use of chemical fertilization
(Miransari 2011; Miransari and Mackenzie 2015). The use
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of biostimulants or plant growth regulators (PGR) includ-
ing polysaccharides, vitamins, plant hormones, amino and
organic acids is among such methods (Supraja et al. 2020;
Bakhshian et al. 2022).

The oil seed plant, canola (Brassica napus L.), is an
annual, long-day and cold-loving plant. It is one of the most
important oil plants that is cultivated in different parts of
the world due to its: (1) high production potential, (2) wide
range of adaptation to climatic conditions, (3) high per-
centage and quality of the oil, and (4) relative tolerance to
drought stress (Batool et al., 2022).

The plant is one of the most important industrial crop
plants with valuable fatty acids and proteins containing
amino acids required by the human body. The plant seed
has 40-49% oil and 35-39% protein (Flakelar et al. 2015).
Although improved cultivars of canola have a high yield
potential, their growth and yield production decreases in
stress conditions. Accordingly, more research is essential to
illustrate the mechanisms controlling the plant growth under
stress (Zhu et al. 2016).
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Table 1 The climatic data of

. . Year Month Min. T (°C) Max.T(°C) R (mm) Min.RH (%) Max.RH (%) S E (mm)
the region during the two-year
experiment 1 Nov 11.9 24.8 40.8 27 69 229.6 118.6
Dec 5.6 20.9 22.5 27 81 263.9 59.2
Jan 4.2 18.6 21.7 29 81 2430 NA
Feb 5.5 17.9 94.2 32 80 208.0 NA
Mar 59 20.1 529 27 81 2580 NA
Apr 12.2 24.6 103.4 34 96 2147  99.5
May 15.1 32.0 8.4 14 63 306.8 206.6
Jun 21.9 40.2 3.1 6 36 360.8 331.8
2 Nov 10.8 26.2 26.1 19 52 243.0 130.5
Dec 6.3 19.8 117.3 38 87 221.1 628
Jan 39 17.6 122.8 37 91 2334 542
Feb 3.8 18.3 24.6 28 85 261.7 73.1
Mar 7.9 23.1 9.4 21 67 260.1 124.8
Apr 10.8 23.6 158.7 36 86 214.8 1253
May 15.8 31.9 24.5 21 65 3154 2442
Jun 21.3 40.5 2.6 10 41 360 356.2

T: temperature, R: rainfall, RH: relative humidity, S: sunny hours, E: evaporation, NA: not applicable

The development of environmentally compatible agri-
culture in arid and semi-arid regions facing stresses such
as drought is of great importance. Drought stress reduces
plant growth, impairs nutrient uptake and damages plant
physiological traits. Different methods can be used to
alter plant physiological and biochemical properties lead-
ing to drought stress tolerance. Proper plant nutrition and
new technologies are among such methods and play an
important role in achieving sustainable agriculture under
drought stress conditions (Ilyas et al. 2020; Zamani et al.
2020).

One of the promising approaches to overcome drought
stress is the utilization of plant growth regulators (PGR)
including substances other than chemical fertilizers, which
can stimulate plant growth under different conditions includ-
ing stress (Hosseini et al. 2020; Tahaei et al. 2022; Azizi
et al. 2023). The PGR are metabolic enhancers that can be
used to increase the effectiveness of common mineral ferti-
lizers. In recent years, the use of plant growth stimulants in
arid and semi-arid regions has increased due to their poten-
tial to reduce the overuse of chemical fertilizers and improve
plant nutrient uptake (Bulgari et al. 2019).

The PGRs include different stimulants such as amino
acids, seaweed extract, fulvic and humic acid. By chelating
plant essential elements, such PGRs increase soil fertility,
nutrient uptake and crop production. Research has indicated
that amino acids increase plant tolerance to environmental
stresses by adjusting ion transport and regulating stomatal
opening and closure. Due to having vitamins, amino acids
and growth hormones of cytokinin and auxin, and seaweed
extract can also favorably affect plant growth (Battacharyya
et al. 2015; Drobek et al. 2019; Mirbolook et al. 2021).
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With respect to the above-mentioned details, and because
there is little data, to our knowledge on the use of PGR
affecting canola physiology in drought stress conditions, the
present study was performed. The objective was to investi-
gate the soil and foliar application of different PGR includ-
ing organic acids and seaweed extracts on the biochemical
properties of canola including canola oil in drought stress
conditions.

Materials and methods
Experimental design

A split plot experiment on the basis of a randomized com-
plete block design with three replications was conducted in
2018-2019 and 2019-2020 in Darab city, Fars province, Iran
(54°34'E, 28761’ N, 1074 m above the sea level). Monthly
rainfall and average minimum and maximum monthly tem-
peratures during the experiment at Darab Synoptic Meteoro-
logical Station are presented in Table 1.

The experimental treatments consisted of drought treat-
ments (main plots) including irrigation after depletion of 40
(D1), 60 (D2) and 80% (D3) of field capacity (FC) moisture,
and plant growth regulators (PGR) (subplots) at a rate of
0.005 (5 kg per 1000 L water) including: (A) control (S1,
without PGR), (B) soil application of humic acid (S2) in
two different stages (second irrigation and the end of rosette
phase), (C) foliar application of amino acids (S3), fulvic acid
(S4), and seaweed extract (S5) at two different growth stages
(the end of rosette phase and the beginning of flowering),
and (D) the combination of PGR (S6) at the same time. The
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Table 2 Soil physicochemical properties

Year Soil texture pH EC oC CaCO; TN P K Fe Mn Zn Cu
dS m™! (%) mg
kg™!
SiL. 7.8 1.1 0.87 32 0.09 9.3 168 54 4.1 1.9 2.1
2 SiL. 7.8 0.9 0.91 30 0.06 10.2 182 4.7 3.6 22 1.6

EC: salinity, OC: organic carbon, TN: total nitrogen, P: phosphorous, K: potassium, Fe: iron, Mn: manganese, Zn: zinc, Cu: copper

Table 3 Number of irrigations, amount of irrigation water, rainfall,
and total water during the two-year experiment

Year Treat. No. IV(m*ha™)) VR@m*ha™') TV @m’ha™)
1 D1 7 5740 3132 8872

D2 5 5213 3132 8345

D3 4 4310 3132 7442
2 D1 6 4876 4852 9728

D2 4 3717 4852 8569

D3 3 2981 4852 7833

Treat.: treatment, No. number of irrigations, IV: amount of irrigation
water, VR: amount of rainfall, TV: total water

PGR were all obtained from a commercial source certified
by the Iranian Soil and Water Research Institute. Before
conducting the experiment, soil (0—30 cm) physicochemi-
cal properties were determined using the standard methods
(Miransari et al. 2008, Table 2).

The field, before planting, was prepared at the FC mois-
ture by plowing and disking. According to the experimental
design, 54 plots of 2 X 6 m with a margin of 2 m were estab-
lished. The field was fertilized according to soil analysis and
farmers’ practices in the region. Accordingly, 100 kg ha!
of triple superphosphate, potassium sulfate and urea were
mixed with the soil before planting in both years. Supple-
mentary amounts of urea (100 kg ha™!) at the end of rosette
phase and at the start of flowering were used in each year.
The suitable cultivar of the region (RGS003) was disinfected
with Captan fungicide, and was planted in November 2018
and 2019 at the rate of 5 kg ha"! by a seed planter (with a
5-7 cm distance on the rows spaced at 25 cm). Weed control
was done by hand. The plants were harvested in May 2019
and 2020.

Drought treatments

All plots were equally irrigated after planting. The plots
were treated with the irrigation treatments after the com-
plete emergence of seedlings at the V2-V3 growth stage. Soil
moisture was measured by the weighing method through
repeated and daily soil sampling in the middle of each plot.

The amount of water (Table 3) for irrigating each plot was
calculated by considering the FC moisture, the plot area, and
the depth of root development (Eq. 1).

Ig = (6fc — Opwp) Xt X p X D X A X 100
B Ea

ey

In which 6fc and Opwp are soil moisture at FC and per-
manent wilting point, respectively, t is the percentage of soil
moisture depletion, p is soil bulk density, D is the depth of
root development, A is plot area, and Ea is irrigation water
efficiency. The number of irrigations, the volume of irriga-
tion water and rainfall and the total volume of water used
during the experiment are presented in Table 3.

Measurements
Chlorophyll contents

Chlorophyll a, b, and total chlorophyll were measured using
mature leaves. Leaf samples were extracted by acetone
and light absorption was measured using Vis 2100 spec-
trophotometer at 645 and 663 nm (Arnon 1949). Finally,
chlorophyll values were calculated using Eqgs. 2, 3 and 4.
In the following equations, V is the sample volume, OD is
the absorption rate and W is the wet weight of the sample.

Chlorophyll a (mg g~ 1) = (12.7 x OD.663)
—(2.69 x OD.645) 2)
x V/1000 x W

Chlorophyll b (mg g ) = (22.9 X OD.645)
— (4.680D.663) 3)
X V /1000 x W

Chlorophyll a + b (mg g~ ') = (8.02 x OD.663)

+ (20.2 x OD645) €))
X V /1000 x W
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Table 4 Analysis of variance

s . Pr>F

indicating the experimental

treatments affecting the S.V. d.f. Chla Chlb Chlab Oil oilY Proline Sugar

measured parameters
Year 1 <0.0001#%* <0.0001** <0.0001*%* 0.1544 <0.0001** 0.6154  0.2038
D 2 <0.0001** <0.0001*%* <0.0001*%*% 0.0017** <0.0001** <0.0001*%* 0.4636
S 5 <0.0001** <0.0001*%* <0.0001** 0.1916 0.0040%* 0.0886  0.0111%*
D*S 10 0.7457 0.8348 0.6405 0.9907 0.9986 02182  0.8572
Year*D 0.8782 0.4861 0.6808 0.9541 0.0123* 0.0123*  0.6886
Year*S 5 0.9438 0.4226 0.7534 0.9964 0.9878 0.9352  0.6835
Year*D*S 10 0.9925 0.9932 0.9950 0.9999 0.9968 0.9875 0.9413

S.V.: source of variation, d.f.: degree of freedom, Chla: chlorophyll a, Chlb: chlorophyll b, Chlab: total
chlorophyll, D: drought stress, S: PGR, * and **: Significant at P < 0.05 and 0.01, respectively

Seed oil

The extraction and measurement of seed oil were done by
grinding the grain sample. The powdered seeds, at 10 g,
were wrapped in a filter paper, and placed in the Soxhlet
device. Each sample was treated with 200 mL of n-hexan
solvent and the device was switched on, and after four hours,
the extracted oil sample was measured and the percentage of
seed oil was reported (Mohammadpour et al. 2019). Finally,
by multiplying oil percentage in the grain yield, the oil yield
was calculated.

Proline content

The proline content was measured using 0.5 g of fresh leaf
sample, which was mixed well with 10 ml of sulfosalicylic
acid in a mortar and was then filtered. Two milliliters of the
filtered solution was mixed with 2 mL of ninhydrin acid (a
mixture of 1.25 g of ninhydrin in 30 ml of glacial sulfuric
acid and 20 ml of phosphoric acid 6 M) and the sample was
heated in a hot water bath at 100 °C for one hour. The sample
was cooled down, mixed with 4 mL of toluene, and shaken
for 15-20 min. Finally, the absorbance was read using a Vis
2100 spectrophotometer at the wavelength of 625 nm (Bates
et al. 1973).

Soluble sugar

Soluble sugars, were measured by mixing 0.2 g of fresh leaf
sample with 5 ml of 95% ethanol and then with 5 ml of 70%
alcohol. The solution was centrifuged at 3500 g for 10 min,
and 0.1 ml of it was treated with 3 ml of fresh anthrone,
and the sample was placed in a hot water bath for 10 min.
Finally, the sample was cooled down, and the absorbance
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was read at the wavelength of 625 nm using the Vis 2100
spectrophotometer (Nelson 1944).

Statistical analysis

Analysis of variance for different traits was performed using
SAS statistical software version 9.3 (SAS Institute, USA).
Mean comparison was also carried out using least significant
different (LSD) test at P <0.05. The correlation of the meas-
ured parameters was determined using Pearson’s correlation
method. The graphs were plotted by SAS Proc Plot.

Results
Analysis of variance

According to Table 4, the experimental treatments includ-
ing year, drought and PGR significantly affected plant Chla,
b and total. Although oil percentage was just significantly
affected by drought stress, the oil yield was significantly
affected by year, drought, PGR and the interaction of year
and drought. Drought and the interaction of drought and year
significantly affected plant proline content, and soluble sugar
was just significantly affected by PGR (Table 4).

Chlorophyll contents

Plant chlorophyll contents including Chla (ranging from
1.11t0 2.95 mg ¢! LFW), b (ranging from 0.67 to 0.75 mg
g’ LFW) and total (ranging from 1.96 to 4.69 mg g”' LFW)
were significantly decreased by drought stress (Fig. 1).
However, the use of PGR, specially S5 and S6 significantly
increased plant Chla content compared with control (Fig. 2).
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Fig. 1 Drought levels affecting A plant chlorophyll a, B chlorophyll b, C total chlorophyll, D oil percentage, E oil yield, F proline and G sugar.

LFW: leaf fresh weight

The least and the highest Chla contents were resulted by
Y1D3S4 (1.11 mg g'! LFW), and Y2D1S2 (2.95 mg g’!
LFW) respectively. However, treatment Y2D3S6 increased
Chla to 2.57 mg ¢! LFW significantly higher than the con-
trol (1.37 mg g'] LFW) treatment (Table 5; Fig. 3).
Although drought stress significantly decreased plant
Chlb (Fig. 1), the PGR treatments, especially S6 significantly

enhanced Chlb related to the control (Fig. 2). Treatment
Y2D3S1 (0.67 mg g'! LFW) resulted in the least Chlb and
treatments Y2D1S6 (1.75 mg g”' LFW), Y2D1S3 (1.69 mg
g’ LFW), and Y2D2S6 (1.67 mg g”! LFW) resulted in the
highest Chlb content. Interestingly, treatment S3 enhanced
Chlb content to 1.55 mg g”! LFW, significantly different
from the control treatment (0.67 mg g”' LFW). The least
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Fig.2 The PGR affecting A plant chlorophyll a, B chlorophyll b, C total chlorophyll, D oil percentage, E oil yield, F proline and G sugar. LFW:
leaf fresh weight

and the highest Chlab values were resulted by treatments  Seed oil

Y1D3S1 (1.96 mg g'! LFW), and Y2D1S6 (4.69 mg g’!

LFW), respectively. Treatment Y2D3S6 significantly = Drought stress at the highest level (D3) significantly
increased Chlab to 4.13 mg g”' LFW compared with the  decreased plant oil percentage (ranging from 40.60 to
control treatment (2.04 mg g”! LFW) (Table 5; Fig. 3). 45.20%) and yield (ranging from 702.67 to 1696.67 kg
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hal), compared with the control treatment (Fig. 1). How-
ever, the PGR treatments, especially S6, were able to



Physiology and Molecular Biology of Plants (November 2023) 29(11):1663-1674 1669
Table 5 The means and standard deviations (SD) of the measured parameters affected by the interaction of year, drought and PGR
Year D S Chla SD Chlb SD Chlab SD Oil SD OilY SD Proline  SD Sugar SD
mg g~ LFW % Kg ha™! mg g~! LFW
1 1 1 197 028 1.04 032 3.01 059 4223 1.86 1422.67 104.04 449 0.07 1376 290
1 1 2 214 021 118 028 332 047 4260 122 1564.33 78.83  4.51 0.04 1422 394
1 1 3 216 014 134 0.13 3.50 027 4533 200 1626.00 5351 4.58 006 1335 152
1 1 4 208 027 120 028 3.28 053 4260 140 1539.00 70.51 455 006 1227 134
1 1 5 216 0.18 124 027 341 043 43.03 0.81 1456.67 9272  4.52 0.06 1548 0.35
1 1 6 232 0.09 133 028 3.64 036 4357 330 1675.67 383.52 4.55 003 1696 1.08
1 2 1 178 026 101 030 279 050 4280 1.71 1131.67 22491 455 0.07 1443 1.23
1 2 2 204 013 115 028 320 035 4260 1.32 121433 34338 4.8 0.08 1580 3.15
1 2 3 201 009 117 022 318 0.14 4350 040 1211.67 28594 4.59 0.09 1348 0.87
1 2 4 191 017 114 031 3.05 031 4263 398 1298.00 296.03 4.57 0.07 1321 1.20
1 2 5 199 002 117 030 3.16 028 4297 1.11 1278.67 372.16 4.8 0.06 1389 1.25
1 2 6 220 012 128 029 348 031 4387 1.82 1350.67 37547 4.63 0.09 1534 2.00
1 3 1 120 071 077 038 196 1.08 4123 0.6l 702.67 167.09 4.79 0.08 1295 0.86
1 3 2 172 035 099 032 271 0.57 41.07 0.15 760.00 217.34 522 0.66 1498 0.76
1 3 3 146 053 095 035 241 0.86 4127 092 769.33  137.33  5.69 1.04 14.17  0.09
1 3 4 111 024 08 022 197 042 4060 6.21 788.33 25499 479 0.09 1506 1.60
1 3 5 165 036 108 017 272 048 41.03 7.12 792.00 187.65 5.82 122 1457 232
1 3 6 198 034 116 022 315 052 4353  3.69 956.67 21222 6.14 1.54 17.05 6.87
2 1 1 250 043 138 0.07 3.88 044 4330 1.06 1449.67 33.01 4.68 020 13.19 0.76
2 1 2 295 002 161 005 456 0.05 43.67 340 152233 17417 4.67 021 1337 191
2 1 3 259 043 169 0.14 428 054 4520 149 1548.00 7957 4.67 023 1376 1.25
2 1 4 263 040 150 007 413 038 4347 1.17 1574.67 87.37 4.0 020 1507 157
2 1 5 265 041 161 003 426 043 4373 146 1514.00 89.60 4.74 0.20 14.68 0.66
2 1 6 295 009 175 0.04 469 0.12 4507 1.69 1696.67 61.08 4.77 022 16.80 0.48
2 2 1 226 025 117 012 344 020 4273 170 1325.67 12098 4.67 024 1448 2.05
2 2 2 261 029 157 0.08 4.18 024 4347 146 1463.67 17635 4.68 023 1541 0.60
2 2 3 233 035 151 016 3.84 049 4427 040 1542.00 119.82 4.71 022 16.19 0.76
2 2 4 234 052 137 005 372 0.56 4340 1.15 1606.67 48.60  4.69 025 1515 1.52
2 2 5 251 033 148 020 3.99 0.53 4363 1.58 1405.67 11545 4.5 022 1401 157
2 2 6 288 019 1.67 0.06 4.55 020 4473 220 1669.33 98.04 4.78 022 1699 1.16
2 3 1 137 066 067 025 204 0.88 4097 097 895.67 116.69 4.75 021 1479 0.46
2 3 2 210 028 140 017 3.50 039 4187 1.64 928.67 81.74 4.76 021 1479 0.73
2 3 3 206 054 133 024 339 077 4173 1.78 994.00 113.08 4.91 0.34 1481 0.89
2 3 4 177 094 099 028 277 1.09 41.80 120 1069.67 40.55 4.76 021 1545 453
2 3 5 217 044 128 034 345 0.66 4227 1.37 1015.67 99.76  5.26 0.86 15,60 4.35
2 3 6 257 044 155 007 413 050 43.10 3.02 111533 109.55 5.39 095 1604 1.64

Chla, b and ab are chlorophyll a, b and total, respectively, Oil and OilY are oil percentage and oil yield, respectively, D: drought stress, S: PGR

significantly enhance seed oil percentage (Fig. 2). Treat-
ment Y1D3S4 (40.60%) resulted in the least, and treat-
ments Y1D1S3 (45.33%), Y2D1S3 (45.20%), and Y2D2S6
(44.73%) resulted in the highest oil percentage. Interestingly,
treatment Y2D3S6 significantly increased oil percentage
(43.10%) compared with control (40.97%) (Table 5; Fig. 4).

Although drought stress resulted in a significant reduc-
tion of seed oil yield (Fig. 1), the use of PGR, especially
S6, significantly increased seed oil yield (Fig. 2). The
least and the highest oil yields were related to treatments

Y1D3S1 (702.67 kg ha'!), and Y2D1S6 (1696.67 kg ha™!)
and Y1D1S6 (1675.67 kg ha™!), respectively. Interestingly,
in the D3 treatments the use of S6 significantly increased
oil yield, from 702.67 to 956.67 kg ha'! in the first year,
and from 895.67 to 1115.33 kg ha™! in the second year
(Table 5; Fig. 4).
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Proline and soluble sugar

Drought stress significantly increased plant proline content
(Fig. 1), and the use of PGR did not significantly affect
proline (p <0.0886) (Fig. 2). The least and the highest pro-
line contents were resulted by treatments Y1D1S1 (4.49
mg g'! LFW), and Y1D3S6 (6.14 mg g"! LFW), respec-
tively. The use of PGR numerically increased proline to
6.14 mg g'! LFW (Y1D3S6) compared with control (4.79
mg g”! LFW) in the first year and to 5.39 mg g'! LFW
related to the control (4.75 mg g'! LFW) in the second
year (Table 5; Fig. 4).

Although plant sugar content was not significantly
affected by drought stress (Fig. 1), the PGR treatments,
especially S6, significantly increased sugar (Fig. 2). The
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sugar content was the least by treatment Y1D1S4 (12.27
mg g”! LFW) and it was the highest by treatments Y1D3S6
(17.05 mg ¢! LFW), Y2D2S6 (16.99 mg ¢! LFW) and
Y1D1S6 (16.96 mg g'1 LFW) (Table 5; Fig. 4). The use
of PGR significantly increased sugar content to 17.05 mg
¢! LFW, significantly different from control (12.95 mg g’!
LFW) in the first year and to 16.04 mg g”! LFW (Y2D3S6)
compared with control (14.79 mg g”! LFW) in the second
year (Table 5; Fig. 4).

Correlation coefficients
Correlation coefficients indicated the measured parameters

were significantly and positively correlated. Accordingly,
while chlorophyll contents were significantly and positively



Physiology and Molecular Biology of Plants (November 2023) 29(11):1663-1674 1671
Fig.4 The interaction effects A 50 |
of drought and PGR affecting
A plant oil percentage, B oil T
yield, C proline, and D sugar. 3? 45
LFW: leaf fresh weight < & % H E 5 & é g
=}
ol . s BB HH
35
1112 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36
Drought * PGR
B -
2000
il =
= é = E
B 1500 s é )
: .. J
g 1000 % H
500 | : : : : :
11 12 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36
Drought * PGR
C
—_ 8.0
Z
S 70 R l
E‘) 6.0
£ 50 &
E Ed B dEBEhddddaeT T 7T
11 12 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36
D Drought * PGR
22.5 I
z 200 -
g . ]
= 11s
P H é .
2150
g ag T E L] B
s 125 =
a
10.0
M 12 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36
Drought * PGR
Table 6 The correlation Chla Chlb Chlab oil oilY Proline Sugar
coefficients among the
measured parameters Chla 1.00 0.80%* 0.97%* 0.37%* 0.56%* -0.10 0.20*
Chlb 0.80%* 1.00 0.92%* 0.31%* 0.41%* -0.11 0.11
Chlab 0.97%* 0.92%* 1.00 0.36%* 0.53%* -0.11 0.18
0il 0.37%* 0.31%* 0.36%* 1.00 0.50%* 0.05* 0.02
(0)10'¢ 0.56%* 0.41%* 0.53%* 0.50%* 1.00 -0.36%* 0.00
Proline -0.01 -0.11 -0.11 0.05* -0.36%* 1.00 0.16
Sugar 0.20% 0.11 0.18 -/02 1.00 0.16 1.00

Chla, b and ab are chlorophyll a, b and total, respectively, Oil and OilY are oil percentage and oil yield,
respectively, * and **: Significant at P < 0.05 and 0.01, respectively
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correlated with seed oil percentage and seed oil yield, just
Chla was positivity and significantly correlated with sugar
content. Plant proline content was significantly and posi-
tively correlated with seed oil percentage and negatively and
significantly with seed oil yield (Table 6).

Discussion

According to the results, different PGR treatments positively
affected the biochemical properties of canola including chlo-
rophyll contents, seed oil percentage and yield, and proline
and sugar contents in drought stress conditions. The most
effective treatment was the combination of all the tested
PGR including humic acid, amino acid, fulvic acid, and
seaweed extract (Layek et al. 2018).

The results indicated canola plants used different mech-
anisms to alleviate drought stress, the most important of
which is osmotic regulation resulting increasing proline and
sugar contents. The significant differences between the first
and the second year significantly affected plant chlorophyll
contents and oil yield. The interaction of drought and year
was also significant in plant proline content and soluble
sugar. Such differences may be a result of the climatic con-
ditions in the two years, especially the higher rainfall in the
second year (Table 1).

In drought stress conditions, the plant needs to increase
compatible solutes, including proline and soluble sugars
to maintain its regular functioning. If the availability and
uptake of nutrients sufficiently increase in drought stress
conditions, for example by using PGR, the production of
compatible solutes also increases (Askarnejad et al. 2021;
Tahaei et al. 2022; Azizi et al. 2023).

The accumulation of soluble sugars in drought stress con-
ditions may improve plant growth and biochemical proper-
ties by the following mechanisms: (1) the regulation of cell
volume, (2) reducing free radicals damage, (3) stability of
enzymatic functioning, and (4) maintaining the structure of
cellular membrane (Rezayian et al. 2018; Du et al. 2020;
Raman et al. 2020).

Du et al. (2020) investigated the effects of drought stress
on sugar metabolism in soybean (Glycine max L.) seed-
lings and indicated the following as the main reasons for
the accumulation of soluble sugars: (1) increased carbohy-
drate metabolism, and (2) the expression of different genes
including GmBAM1, GmAMY3, GmC-INV, GmSPS, and
GmAMY3. The conclusion was that the soybean plants tol-
erated the stress by altering the allocation, transport, and
metabolism of sugar. Accumulation of proline in the plant
resulting from the activity of the related enzymes can also
regulate osmotic regulation under environmental stresses
(Ghaffari et al. 2019). Drought stress can reduce the activity
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of proline oxidase as a proline-degrading enzyme (Jiang and
Asami 2018; Lee et al. 2019).

PGR may also affect plant growth and development by
increasing the production of plant hormones such as auxin,
cytokinin and gibberellin (Supraja et al. 2020). The authors
investigated the effects of foliar algal extracts (20-100%)
including 40.90% carbohydrates and 26.18% proteins act-
ing as precursors of plant growth, on seed germination and
seedling growth in tomato plants. They found the extract sig-
nificantly increased seed germination and seedling growth.

Bijanzadeh et al. (2021) investigated the effects of humic
acid (1.0 mM) and jasmonic acid (50 uM) on the biochemi-
cal properties of triticale. They found that the use of PGR
significantly increased plant chlorophyll a (19.9%), b (21%),
and proline content in drought stress conditions. The higher
uptake of K* resulted in higher plant chlorophyll contents.
The conclusion was that the use of the tested PGR increased
plant tolerance under drought stress by increasing proline
content and the activities of antioxidant enzymes.

Decreased oil yield in drought stress conditions can
be attributed to the effect of water stress on the reduc-
tion of grain yield (reduced production of photosynthates)
and the capacity of grains for oil accumulation (Sabbahi
et al. 2023). Drought stress also reduces the oil content
by affecting the granulation stage and the length of the
grain-filling period. However, the use of PGR increased
the percentage and yield of canola oil, which can be due to
increased photosynthesis, grain and oil yield, resulting by
higher nutrient uptake (Jahani et al. 2021; Khaleghnezhad
et al. 2021).

Due to the reduced transfer of assimilates in drought
stress conditions, plant oil percentage and yield signifi-
cantly decreased. However, the single or combined use
of PGR significantly affected chlorophyll contents and
biochemical properties (essential oil, proline and sugar
contents) (Safian et al., 2022) in drought stressed canola.

Conclusion

Although drought stress significantly decreased the bio-
chemical properties of canola including chlorophyll con-
tents, oil seed percentage and oil seed yield, it increased
proline content and did not affect plant sugar content.
However, the use of PGR significantly increased plant
biochemical properties even under severe drought stress.
According to the results, the tested PGR, specially the
combination of amino, humic and fulvic acids with sea-
weed extract significantly alleviated the unfavorable
effects of drought stress on the biochemical properties
of canola under field conditions. The mechanisms, which
may contribute to the enhanced biochemical properties of



Physiology and Molecular Biology of Plants (November 2023) 29(11):1663-1674 1673

canola in drought stress conditions, have been presented.
The single and the combined use of the tested PGRs are
recommendable for canola production in drought stress
conditions as there were not any antagonistic effects when
the combination of the PGRs were also tested.
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