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Abstract: To investigate the effect of prohexadione-calcium (Pro-Ca) primed on seed germination and seedling
growth of oilseed rape under salt stress, to alleviate the inhibition of soil salinization on the growth of oilseed
rape, and to improve the sustainability of agricultural production. Using Huayouza 158R and Huayouza 62 as
test materials, the regulation of seed germination and seedling growth under the stresses of 0, 100, and 150 mM
NaCl (S0, S100, and S150) was investigated after the primed of Pro-Ca. We conducted six treatments, SO: non-
primed + 0 mM NaCl, PCS0: Pro-Ca primed + 0 mM NaCl, 5100: non-primed + 100 mM NaCl, PCS100: Pro-Ca
primed + 100 mM NaCl, S150: non-primed + 150mM NaCl, Pro-Ca+5150: Pro-Ca primed + 150 mM NaCl. The
results showed that salt stress inhibited seed germination and seedling growth, and Pro-Ca primed
significantly increased the germination index and vigor index of oilseed rape seeds. The average germination
time and malondialdehyde (MDA) content were significantly reduced, which resulted in the optimal initiation
fiddling concentration of 8mg-L-. The morphological parameters of oilseed rape decreased significantly under
salt stress, with leaf area decreasing by 70.69% and 75.03% and total chlorophyll content decreasing by 18.55%
and 18.68% at S150. With the rise of salt stress, the changes of each photosynthetic parameter were somewhat
similar, and Pn, Gs, Ci, and Tr continued to decline, indicating that the effects of salt stress on photosynthesis
in oilseed rape might be mainly attributed to stomatal restriction and inhibition of photosynthetic pigment
synthesis. While Na+ and MDA contents increased significantly, reaching a peak at S150, indicating that Na+
content increased significantly under salt stress, which resulted in the slow growth of oilseed rape and weak
plants under the influence of Na* salt damage. After Pro-Ca primed, leaf area and photosynthetic pigment
synthesis increased, and the initiation treatment promoted the rise of Pn, Gs, Ci, and Tr under salt stress. The
Na* content decreased by 7.29% and 6.96% in PCS100 compared with S100, decreased by 9.23% and 25.02% in
PCS150 compared with S150, and increased in K* and Mg?* after Pro-Ca primed. At this time, the antioxidant
enzyme activities increased, and the MDA content and relative conductivity decreased. It was concluded that
Pro-Ca primed improved the photosynthetic capacity of oilseed rape by promoting leaf growth, stomatal
opening, and photosynthetic pigment synthesis. At the same time, reducing Na* content and promoting K* and
Mg? absorption and antioxidant enzyme activities together alleviate salt damage and improve salt tolerance
of oilseed rape.
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1. Introduction

As the global population continues to increase, so does the human demand for food. Therefore,
finding ways to improve crop yield and quality is a top priority for food security [1]. The growth of
crops, however, has always been under the stress of an unfavorable environment. However, the
growth of crops has been facing adverse environmental stresses such as drought, salt stress, insect
pests, and so on. These biotic or abiotic stresses are serious constraints to crop yield and quality [2,3].
With the development of society, environmental pollution caused by improper agricultural
management, sea level rise due to global warming, and a series of problems have gradually increased
soil salinization, and salt stress has become a major adverse factor in agricultural production [4]. The
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total area of saline soil in the world is more than 8.3 x 108 hm?, which is about 25% of the total land
area, spreading over all regions of the world. According to statistics, more than half of the irrigated
land in the world is jeopardized by salinity and waterlogging, which seriously restricts the growth
and development of crops [5]. Salt stress inhibits seed germination and plant growth and
development, resulting in reduced yields. Salt stress injury to plants is mainly caused by Na*, high
concentrations of Na* accumulation, but also inhibits the absorption of K*, the accumulation of
excessive Na* will make the biofilm function impaired, affecting the osmotic balance, and causing
physiological and metabolic disorders [6]. A large number of studies have shown that chlorophyll
synthesis in leaves is inhibited under salt stress, and the photosynthetic rate of plants decreases,
resulting in slow growth [7]. The plant's photosynthetic rate decreases, resulting in slow growth.

Rapeseed is a vital oilseed, vegetable, and forage crop, with the planting area accounting for
about 30% of the world and China's production accounting for about 20% of the world's production
[8]. It is also an essential protein and edible oil source and can be used for ornamental purposes, oil
extraction, wintergreen fodder, and fresh grass feeding [9]. As an essential green manure crop, winter
oilseed rape proliferates, has a significant nutrient body, good mulching effect, low planting cost, and
is essential for farmland soil protection and soil fertilization [10]. It has become vital to meet the
increasing food demand by developing salt-tolerant varieties suitable for growing in saline soils.

Prohexadione-calcium (Pro-Ca) is a cyclohexane carboxylic acid plant growth retardant, which
can regulate flowering time, improve plant fruiting rate, control plant growth, improve fruit yield
and quality, and improve resistance to stress, etc., and has no residual toxicity and no pollution [11].
Because of its low toxicity and no residue, it is increasingly attracting widespread attention. In recent
years, the positive effects of Pro-Ca on plant growth and development under adversity have been
gradually discovered. Foliar spraying of Pro-Ca can alleviate the reduction of superoxide dismutase
(S0OD), peroxidase activity (POD), and catalase (CAT) activities in tobacco leaves under low-
temperature stress, promote proline biosynthesis, and regulate the relative balance of reactive oxygen
species (ROS) [12]. Improved root vigor, induced chlorophyll biosynthesis, increased leaf soluble
protein content, and increased fruit weight and yield in peanuts [13]. Improve photosynthetic
characteristics and promote soluble substance synthesis in soybeans under salt stress [14]. More and
more researchers hope to improve crop salinity tolerance by developing and applying Pro-Ca.

In contrast, seed initiation technology can improve seed germination, seedling emergence, and
seedling quality, which is conducive to the cultivation of solid seedlings and even improve plant
resistance [15]. Therefore, in this experiment, Pro-Ca was used as an initiator to investigate the
regulatory effects on seed germination and seedling growth of oilseed rape under salt stress. This
study aimed to reveal the regulatory mechanism of Pro-Ca primed to alleviate salt stress in oilseed
rape seedlings, to investigate the effect on salt tolerance of oilseed rape and its physiological
metabolism mechanism changes after Pro-Ca primed, to solve the inhibition of soil salinity on oilseed
rape growth, and to improve the sustainability of agricultural production. The results showed that
prohexadione-calcium priming improved the photosynthetic capacity of oilseed rape by promoting
leaf growth, stomatal opening, and photosynthetic pigment synthesis. Meanwhile, it reduced Na*
content and promoted K* and Mg?" absorption and antioxidant enzyme activities, which jointly
alleviated salt damage and improved salt tolerance of oilseed rape.

2. Materials and Methods

2.1. Materials for Testing

The test oilseed rape varieties were Huayouza 158R (moderately salt-tolerant) and Huayouza 62
(salt-tolerant), and the test regulator was prohexadione-calcium (Pro-Ca), both of which were
supplied by the Salt and Alkali Tolerance and Chemistry Control Group of Coastal Agricultural
College, Guangdong Ocean University.
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2.2. Experimental Design

2.2.1. Screening Test for Optimal Concentration of Prohexadione-Calcium

Seeds of full and uniform size were selected and sterilized by soaking in 3 % hydrogen peroxide
(H202) for 10 min and rinsed three to five times with distilled water. The sterilized seeds were evenly
placed in Petri dishes (9 cm in diameter) lined with three layers of filter paper, and the filter paper
was moistened with 10 mL of Pro-Ca at concentrations of 0 mg-L; 2 mg-L'; 4 mg-L'; 8 mg-L; 16
mg-L-1; and 32 mg-L-, respectively, and sealed with sealing film. The petri dishes were placed in the
incubator and initiated in the dark at 20 ‘C for 8 h. After initiation, the seeds were cleaned from the
surface solution with distilled water, the seeds were drained with absorbent paper, and then placed
in a cool and ventilated place to naturally air-dry for 48 h ( 20-25°C, 40%-45% relative humidity), and
then the seeds were determined to be used for germination test by weighing to determine that the
seeds could be used for germination test after reaching the initial water content to screen out the
optimal The optimum concentration was selected. The germination test was carried out in Petri
dishes with 10 ml of salt solution (0, 100, and 150 mM, corresponding to SO, S100, and 5150,
respectively) at different concentrations, moistening the germination paper, and placing 25 seeds
uniformly in Petri dishes and incubating them for 7 days to observe seed germination; the cotyledons
were sampled on the 7th day to determine the malondialdehyde content.

(1) EAO: 0 mg-L-1 Pro-Ca primed .

(2) EA2: 2 mg-L-1 Pro-Ca primed.

(3) EA4: 4 mg-L-1 Pro-Ca primed.

(4) EA8: 8 mg-L-1 Pro-Ca primed.

(5) EA16: 16 mg-L-1 Pro-Ca primed.

(6) EA32: 32 mg-L-1 Pro-Ca primed.

2.2.2. Effect of Pro-Ca Primed on the Growth of Oilseed Rape Seedlings under Salt Stress

Concentration screening tests were conducted to derive the optimum initiating concentration,
and soil cultivation was carried out in 19 cm x 14 cm x 17 cm pots. The soil was 2.5 kg per pot, and 1
L of salt solution of different concentrations (0, 100, and 150 mM) was mixed with the soil to simulate
different salt stress environments. The study was conducted from 2022-2023 in a daylight-linked
greenhouse (natural light conditions, day/night temperature difference of 25/20 + 2 °C, relative
humidity of 60%) at the Binhai College of Agriculture, Guangdong Ocean University (latitude:
21°8'56 "N, longitude: 110°17'58 "E, altitude: 20 m). Six holes were made in the soil of each pot and
three seeds were sown in each hole, totaling 18 seeds. When the plant developed three true leaves,
the plants were thinned leaving one plant in each hole for a total of six plants. Six treatments were
set up for each variety. Samples were taken on the 36th day after sowing, and the relevant indexes
were measured.

(1) SO: non-primed + 0 mM NaCl. Non-primed followed by growth in a 0 mM NaCl salt stress
environment.

(2) PCSO0: Pro-Ca primed + 0 mM NaCl. Pro-Ca primed followed by growth in a 0 mM NaCl salt
stress environment.

(3) S100: non-primed + 100 mM NaCl. Non-primed followed by growth in a 100 mM NaCl salt
stress environment.

(4) PCS100: Pro-Ca primed + 100 mM NaCl. Pro-Ca primed followed by growth in 100 mM NaCl
salt stress environment.

(5) 5150: non-primed + 150 mM NaCl. Non-primed followed by growth in a 150 mM NaCl salt
stress environment.

(6) PCS150: Pro-Ca primed + 150 mM NaCl. Pro-Ca primed followed by growth in 150 mM NaCl
salt stress environment.

d0i:10.20944/preprints202403.1080.v1
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2.3. Measurement Items and Methods

2.3.1. Prohexadione-Calcium Concentration Screening Test

After sowing, the number of germinated seeds was recorded daily. After 7 d of incubation, the
cotyledons were frozen in liquid nitrogen and stored in a refrigerator at -80°C. The MDA content was
determined by the thiobarbituric acid method [16]. The MDA content was determined by the
thiobarbituric acid method. After that, the remaining oilseed rape was rinsed with water, and the
fresh weight of the young shoots was determined after drying the surface water with absorbent
paper. The formula for calculating the relevant indexes is as follows:

Germination index (GI) = YGt/Dt

Vitality Index (VI) = GI x S

Mean germination time (MGT)=}(GtxDt)/y.Gt

Dt represents the number of days to germination; Gt represents the number of germinated seeds
per day corresponding to Dt; S is the fresh weight of normal seedlings [17].

2.3.2. Effect of Pro-Ca Primed on the Growth of Oilseed Rape Seedlings under Salt Stress

Determination of Morphological Indicators

Samples were taken after 36 d of growth under salt stress to determine morphology. Root height
and root length were measured with a scale; stem thickness was measured with an electronic vernier
caliper (the base of the stem was 1 cm away from the root system); leaf area was recorded by a leaf
area meter; the root system and the above-ground part of the seedlings were separated, and the
surface water was sucked up by blotting paper and put in a kraft paper bag, and then placed in an
ovenat80 ‘C for 48 h, which was used to determine the dry weight of the root system and the above-
ground dry weight and to calculate the seedling strength index.

Seedling strength index = (root dry mass/above-ground dry mass + stem thickness/plant height)
/ (root dry mass + above-ground dry mass) [18].

Measurement of Photosynthetic Pigments

The inverted bilobed leaves of oilseed rape were perforated with a perforator, and 0.1 g of leaves
were weighed into test tubes. Photosynthetic pigments were extracted by adding 10 ml of anhydrous
ethanol to the test tubes, and the absorption values at 665 nm, 649 nm, and 470 nm were determined
spectrophotometrically using Eq [19]. Chlorophyll a and Chlorophyll b, carotenoids, and total
chlorophyll contents were calculated.

Chlorophyll a =13.95 A665 - 6.88 A649

Chlorophyll b = 24.96 A649 - 7.32 A665

Total Chlorophyll = Chlorophyll a + Chlorophyll b

Crotenoids = (1000 A470 - 2.05 Chlorophyll a-114.8 Chlorophyll b) / 245

Measurement of Photosynthetic Properties

The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular carbon dioxide (Ci),
and transpiration rate (Tr) of oilseed rape seedlings were recorded after 36 d of salt stress at
14:00~16:00 pm on a sunny day with a portable photosynthesis measurement system, LI-6800 (LI-
COR, Inc., USA). The CO:2 concentration in the leaf chamber was 400 umol mol~, the light intensity
was set at 1000 pmol m=2 s, the leaf temperature was 25 +1 C, and the relative air humidity ranged
from 65% to 70%.

Determination of Membrane Lipid Peroxidation Products

MDA content was determined using the thiobarbituric acid (TBA) method [16]. Seedling leaf
tissue 0.5 g was weighed and ground in liquid nitrogen to powdered form, added to 10 ml of
phosphate buffer (pH 7.8), and extracted with 0.6% TBA prepared with 10 % trichloroacetic acid
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(TCA). It was placed under boiling water at 100 'C for 15 min and then rapidly cooled on ice. After
centrifugation at 7000 g for 20 min, the absorbance of the supernatant was measured at 450 nm, 532
nm, and 600 nm, respectively (UV-Vis spectrophotometer, GENESYS 180, below).

Weigh 0.1 g of leaves in a sealed test tube and add 10 ml of deionized water. R1 was measured
by immersion in a dark environment for 12 hours; after that, R2 was measured by cooling in boiling
water in a water bath for 30 minutes.

relative conductivity (EL): EL=R1 / R2 x100% [20] .

Determination of Antioxidant Enzymes

Determination of antioxidant enzymes: 0.5 g of frozen leaf samples were accurately weighed
and ground in 10 mL of 0.05 mol-L-! pre-cooled phosphate buffer (pH 7.8) to form a homogenate,
centrifuged at 12,000 g for 20 min at four °C, and the supernatant was used for the determination of
the activities of SOD, POD, CAT, and ascorbic acid peroxidase (APX). SOD activity was determined
by measuring the change in absorbance at 560 nm according to the method of Giannopolitis, and one
unit of SOD activity was defined as the amount of enzyme that inhibited 50% of NBT photoreduction
[21]. POD activity was determined by the oxidation rate of guaiacol at 470 nm by Zhang and Liping
[22]. CAT activity was determined by the decrease in absorbance per minute at 240 nm caused by the
depletion of H202 by the Maehly method [23]. APX activity was determined by the amount of change
in absorbance per minute at 290 nm by Ahanger [24].

Determination of Ionic Content

After 36 d of salt stress, dry samples were taken to determine the content of each ion. A 150 mg
dry mass of leaves was digested with 6 ml HNOs /HCIOx (4:1, v/v), and the supernatant was analyzed
after the solution was clarified. Inductively coupled plasma emission spectroscopy (Prodigy XP,
LEEMAN, Inc., USA) was used to determine the Na*, Mg?, and Ca? contents, and a flame photometer
(Sherwood M410, Inc., UK) was used to determine the K* content in the dry samples [25].

Statistical Analysis

All data were analyzed by one-way ANOV A using SPSS 25.0. Duncan’s test was used to evaluate
the difference among different treatments; P < 0.05 indicated that there was a statistical difference
between treatments. Origin 2021 software was used for plotting.

3. Results

3.1. Effect of Pro-Ca Primed on Seed Germination under Salt Stress

As shown in Figure 1, there were some differences after priming different concentrations of Pro-
Ca, but the inhibition of seed germination by salt stress was effectively alleviated after priming. As
the degree of salt stress increased, the germination and vigor indexes decreased, and the average
germination time increased. The germination index of Huayouza 158R increased significantly by
29.17% to 56.71% (Figure 1A), the vigor index increased significantly by 21.42% to 81.23% (Figure
1C), and the average germination time was shortened by 3.41% to 7.77% (Figure 1E) after primed by
Pro-Ca. The germination index of Huayouza 62 increased significantly by 21.82% ~ 61.31% (Figure
1B), the vigor index increased significantly by 20.09% ~ 107.62% (Figure 1D), and the average
germination time was shortened by 3.51% ~ 7.51% (Figure 1F). A comparison between the two
varieties under salt stress revealed that although the average germination time was not significantly
different, the germination index and seed vigor of Huayouza 62 were higher under salt stress. The
inhibitory effect of salt stress on seed germination could be alleviated by the priming of Pro-Ca, and
the germination index and seed vigor first increased and then decreased after treatment with different
concentrations and then reached the peak value in the EA8 treatment:
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Figure 1. Effect of Pro-Ca primed on the germination of oilseed rape under salt stress (day 7).
Germination index (A and B), vigor index (C and D), and average germination time (E and F). Data
are expressed as mean * standard error and are not significantly different with the same letter by LSD
test (p <0.05).

3.2. Effect of Pro-Ca Primed on Fresh Weight and Malondialdehyde of Young Shoots

Under unstressed (S0) conditions, fresh weight increased (Figure 2A and B), and
malondialdehyde content decreased (Figure 2C and D) after Pro-Ca primed, suggesting that Pro-Ca
had a growth-promoting effect on oilseed rape. Salt stress (5100 and S150) inhibited the growth of
young shoots, which resulted in a significant decrease in fresh weight and an increase in
malondialdehyde content, and the inhibitory effect of salt stress was significantly alleviated by Pro-
Ca primed. Compared with EAQ, only EAS8 treatment significantly increased the fresh weight of
Huayouza 158R under salt stress, and EA4, EA8, and EA16 treatments significantly increased the
fresh weight of Huayouza 62. The malondialdehyde content of Huayouza 158R was significantly
decreased in all treatments, and the malondialdehyde content of Huayouza 62 was significantly
decreased in EA8 and EA32. Huayouza 158R was more sensitive to Pro-Ca primed, and the optimal
initiation concentration was EAS.
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Figure 2. Effect of Pro-Ca primed on fresh weight and malondialdehyde in oilseed rape under salt
stress (day 7). Fresh weight (A and B), MDA: malondialdehyde (C and D). Data are expressed as mean
+ standard error and are not significantly different with the same letter by LSD test (p < 0.05).

3.3. Effect of Pro-Ca Primed on the Morphology of Oilseed Rape under Salt Stress

The salt stress treatments (5100 and S150) sustained significant decreases in plant height, root
length, leaf area, and stoutness index compared to the unstressed treatment (S0). The salt stress
treatment 5150 decreased 49.45%, 24.83%, 70.69%, and 80.05% in Huayouza 158R and 50.41%, 26.40%,
75.03%, and 59.27% in Huayouza 62, respectively (Figure 3A-D). After Pro-Ca-tuned initiation of
Huayouza 158R, PCS0 treatment significantly promoted the growth of oilseed rape compared with
S0 (Figure 3A-D), PCS100 treatment significantly increased plant height, leaf area, and stoutness
index compared with 5100 (Figure 3A, C, and D), and PCS150 treatment significantly increased only
root length compared with S150 (Figure 3B). After Pro-Ca primed, plant height, leaf area and seedling
index increased significantly in the PCSO treatment compared with SO (Figure 3A, C and D), only leaf
area increased significantly in the PCS100 treatment compared with S100 (Figure 3C), and only root
length increased significantly in the PCS150 treatment compared with S150 (Figure 3B). The
experiments showed that Pro-Ca priming could alleviate the inhibitory effect of salt stress on the
growth of oilseed rape and induce robust development of oilseed rape.
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Figure 3. Effect of Pro-Ca primed on morphological development of oilseed rape under salt stress.
Plant height (A), root length (B), leaf area (C), and seedling strength index (D). Data are expressed as
mean + standard error and are not significantly different with the same letter by LSD test (p < 0.05).

3.4. Effect of Pro-Ca Primed on Photosynthetic Pigments in Oilseed Rape under Salt Stress

As shown in Figure 4, the salt stress treatment (S150) significantly decreased the content of each
photosynthetic pigment by 17.07%, 19.22%, 17.66%, and 18.55% compared with SO. The chlorophyll
a and total chlorophyll contents of Huayouza 158R continued to decrease significantly in the S150
treatment compared with the S100 treatment, while Huayouza 62 tended to flatten out with
insignificant changes. PCS0 showed a significant increase in photosynthetic pigment content
compared with SO (Figure 4A-D). Comparing PCS100 with 5100, the indexes of Huayouza 158R
increased significantly by 17.73%, 30.07%, 20.05%, and 20.69%, respectively (Figure 4A-D); Huayouza
62 only showed a significant increase in chlorophyll a, which increased by 9.68% (Figure 4A).
Comparing PCS150 with 5150, chlorophyll a and total chlorophyll content of Huayouza 158R
increased significantly by 11.08% and 11.32% (Figure 4A and D), and chlorophyll a and carotenoid
content of Huayouza 62 increased significantly (Figure 4A and C) by 10.00% and 18.53%. From
comparing PCS100 with 5100, it can be concluded that Pro-Ca primed significantly promoted the
synthesis of photosynthetic pigments in Huayouza 158R (Figure 4A-D). Comparison of PCS5150 with
S150 revealed that after Pro-Ca primed, Huayouza 158R mainly synthesized chlorophyll a (Figure
4A), and Huayouza 62 mainly synthesized carotenoids (Figure 4C). The two varieties were identical
in that the changes in chlorophyll content tended to be the same (Figure 4A).
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Figure 4. Effect of Pro-Ca primed on photosynthetic pigments in oilseed rape under salt stress.
Chlorophyll a (A), chlorophyll b (B), carotenoids (C), total chlorophyll (D). Data are expressed as
mean + standard error and are not significantly different with the same letter by LSD test (p < 0.05).

3.5. Effect of Pro-Ca Primed on Photosynthetic Properties of Oilseed Rape under Salt Stress

In the 5100 treatment compared with SO, Tr of Huayouza 62 decreased significantly, and the
changes of the remaining indicators were not significant; in the S150 treatment compared with SO,
the indicators decreased significantly (Figure 5A-D). Comparing PCS0 with SO, the Tr of Huayouza
62 significantly increased by 28.23% (Figure 5D), and the remaining indicators' changes were
insignificant. PCS100 compared with 5100, Pn and Ci significantly increased by 18.11% and 9.32% in
Huayouza 158R (Figure 5A and C), and Pn and T significantly increased by 19.99% and 38.85% in
Huayouza 62 (Figure 5A and D). Comparing PCS150 with S150, the indexes of Huayouza 158R
increased significantly, Pn, Gs, and Ci of Huayouza 62 increased significantly, and the change of Tr
was not significant (Figure 5A-D). Pro-Ca primed promoted a significant increase in Prn in oilseed
rape under salt stress (Figure 5A).
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Figure 5. Effect of Pro-Ca primed on photosynthetic properties of oilseed rape under salt stress. Pn:
net photosynthetic rate (A), Gs: stomatal conductance (B), Ci: inter-cellular CO2 concentration (C), Tr:
transpiration rate (D). Data are expressed as mean + standard error and are not significantly different
with the same letter by LSD test (p < 0.05).

3.6. Effect of Pro-Ca Primed on Membrane Lipid Peroxidation in Oilseed Rape under Salt Stress

The relative conductivity and MDA content of Huayouza 158R leave significantly and
consistently increased under salt stress (5100 and S150) compared with unstressed (S0). The relative
conductivity of S100-treated leaves of Huayouza 62 increased significantly, and the MDA content
changed insignificantly, while the relative conductivity and MDA content of S150-treated leaves
increased significantly (Figure 6A and B). PCS0 showed a downward trend in relative conductivity
and a significant decrease of 12.44% in MDA content in Huayouza 158R leaves when compared with
SO (Figure 6A). PCS100 showed a significant decrease of 23.87% in the relative conductivity of
Huayouza 158R leaves when compared with 5100. Comparing PCS150 with 5150, the relative
conductivity and MDA content of Huayouza 158R leaves decreased significantly by 31.57% and
7.32%, and the MDA content of Huayouza 62 decreased significantly by 17.39%. The results indicated
that the relative conductivity and MDA content of leaves of oilseed rape seedlings changed
significantly under salt stress; these treatments primed by Pro-Ca could reduce the relative
conductivity and MDA content of leaves.
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Figure 6. Effect of Pro-Ca primed on membrane lipid peroxidation in oilseed rape under salt stress.
Leaf relative conductivity (A), MDA: malondialdehyde (B). Data are expressed as mean + standard
error and are not significantly different with the same letter by LSD test (p < 0.05).

3.7. Effect of Pro-Ca Primed on Antioxidant Enzymes in Oilseed Rape under Salt Stress

As shown in Figure 7, POD and APX activities increased significantly under salt stress (5100 and
5150) compared with unstressed (S0) (Figure 7B and D), and CAT activities changed insignificantly
(Figure 7C), with a sustained and significant increase in SOD activity in Huayouza 158R, and a
significant increase in Huayouza 62 in the S150 treatment (Figure 7A). Comparing PCS0 with S0, SOD
and POD activities of Huayouza 158R increased significantly by 18.28% and 30.44%, and CAT and
APX activities changed insignificantly. SOD, POD, and APX activities of Huayouza 62 increased
significantly by 11.21%, 33.53%, and 10.90%, and CAT changed insignificantly. SOD and POD of
Huayouza 158R increased significantly by 11.37% and 19.53% when PCS100 was compared with
§100. The activities of's antioxidant enzymes of Huayouza 62 increased significantly by 20.22%,
13.72%, 16.23%, and 6.96%, respectively. Comparing PCS5150 with 5150, all the indexes increased
significantly. Huayouza 158R increased by 18.61%, 22.59%, 18.58%, and 9.20%, and Huayouza 62
increased by 8.92%, 6.76%, 14.12% and 16.70%.
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Figure 7. Effect of Pro-Ca primed on antioxidant enzymes in oilseed rape under salt stress. SOD:
superoxide dismutase (A), POD: peroxidase (B), CAT: catalase (C), APX: ascorbate peroxidase (D).
Data are expressed as mean + standard error and are not significantly different with the same letter
by LSD test (p < 0.05).

3.8. Effect of Pro-Ca Primed on Ion Content of Oilseed Rape under Salt Stress

As shown in Figure 8, salt stress (5100 and S150) showed significant decreases in K*, Mg, and
K*/Na* and a significant increase in Na* content compared to unstressed (S0) (Figure 8A-D). PCS0
showed a significant decrease in K* and Na* content and a significant increase in Mg?* and K*/Na*
compared to S0. PCS100 showed insignificant changes in K* and K*/Na* compared with 5100; Mg?*
increased significantly by 2.16% and 11.91% in the two varieties, respectively (Figure 8B and D). Na*
content decreased significantly, by 7.29% and 6.96%, respectively (Figure 8C). Comparing PCS150
with 5150, the K* content of Huayouza 158R increased significantly by 12.92%, and the Mg?* and Na*
contents decreased significantly by 3.09% and 9.23%. The K+, Mg?, and K*/Na* of Huayouza 62
increased significantly by 8.36%, 34.62%, and 44.51%, respectively, and the Na* content decreased
significantly by 25.02% (Figure 8A-D).
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Figure 8. Effect of Pro-Ca primed on ion content of oilseed rape under salt stress. K*: potassium ions
(A), Mg?: magnesium ions (B), Na*: sodium ions (C), K* /Na*: potassium to sodium ion ratio (D). Data
are expressed as mean * standard error and are not significantly different with the same letter by LSD
test (p < 0.05).

4. Discussion

Seed germination is the beginning of the life course of oilseed rape, and the germination and
seedling stages are more sensitive to salt stress during the growth and development of oilseed rape.
Studies have concluded that germination index, vigor index, and seedling fresh weight can be used
as effective indicators for screening salt tolerance in oilseed rape at the germination stage [26]. Some
scholars have found that sorghum seed shoot length, root length, germination potential, and
germination rate showed a sequential decrease with increasing salt concentration and different
degrees of delayed germination [27]. The results of the present study were similar to it; with
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increasing salt concentration germination index and vigor index continued to decline, and the
average germination time increased, inhibiting the vigor of oilseed rape seeds and weakening the
germination ability (Figure 1). With the increase in salt concentration, the germination rate,
germination index, and vigor index decreased more, and the seed vigor index was more sensitive
than the germination rate and germination index under salt stress [28]. The experiment concluded
that the vigor index decreased the most with increasing salt stress (Figure 1), similar to its results,
and the more sensitive change of seed vigor index under salt stress was verified. After being primed
with different concentrations of Pro-Ca, the seed germination index and vigor index increased
significantly, and the average germination time decreased significantly, indicating that primed could
alleviate the inhibitory effect of salt stress on seed germination and improve germination neatness
[29]. Comparison among the concentrations revealed that the seed germination and vigor indexes
tended to increase and decrease. The average germination time decreased and then increased (Figure
1), so EA8 (8 mg-L) initiation had the best effect in promoting the germination of oilseed rape. Seeds
affected by salt stress would inhibit seed germination growth with weak young shoots and yellowing
cotyledons. Injury by salt stress deepens cell membrane lipid peroxidation, resulting in elevated
MDA content, so the degree of injury by salt stress was assessed by measuring the MDA content of
young shoots [30]. As a result of salt stress, the fresh weight of young oilseed rape shoots decreased,
and the MDA content tended to increase. Pro-Ca primed an increase in fresh weight and a significant
decrease in MDA content under salt stress (Figure 2), indicating that Pro-Ca promotes the growth of
young oilseed rape shoots under salt stress and reduces cellular lipid peroxidation. It was concluded
that the optimal initiation concentration of Pro-Ca primed was EA8 (8 mg-L-1).

Salt stress leads to slow growth and development and dwarf plants [31]. Our study showed that
salt stress inhibited plant height, root length, and leaf area in oilseed rape, with a significant decrease
in the stoutness index (Figure 3), typical of developmental retardation. It was found that under salt
stress (S150), plant height and leaf area decreased by 49.45% and 70.69% in Huayouza 158R, 50.41%
and 75.03% in Huayouza 62, and 24.83% and 26.40% in root length, respectively. The inhibition of
plant height and leaf area was higher than that of root length, which was inconsistent with the trend
of changes in previous studies [32], probably due to the limited space in pots, which restricts the
growth of the root system. Pro-Ca is primed to promote the growth and development of oilseed rape
and leaf growth (Figure 3C), which provides the basis for photosynthesis in oilseed rape. The strong
seedling index can reflect whether the plant thrives [17], and after Pro-Ca was primed, the strong
seedling index was significantly increased under unstressed conditions, which promoted plant
robustness (Figure 3D). It showed an increasing trend under salt stress, and the PC5100 treatment of
Huayouza 158R was significantly higher than S100, indicating that Pro-Ca primed could significantly
improve the growth inhibition of Huayouza 158R by salt stress.

Most reports indicated a decrease in photosynthetic capacity and significant inhibition of
photosynthetic pigment synthesis under salt stress. Prolonged salt stress reduces the biosynthesis of
the chlorophyll protein-lipid complex, which affects the photosynthetic system and results in stunted
plant growth [33-35]. However, no uniform conclusion has emerged on the changes in
photosynthetic pigments under salt stress, with some studies showing that chlorophyll content
increases in salt-tolerant plants under salt stress [36]. In contrast, others suggest that the elevation of
chlorophyll content is temporary, increasing and then decreasing with the continued effects of salt
stress [37]. In this study, it was shown that the sprouting growth of oilseed rape under salt stress
inhibits the synthesis of photosynthetic pigments, and the salt-tolerant variety Huayouza 62 has a
higher level of photosynthetic pigment content (Figure 4). It was found that although the level of
photosynthetic pigment content of Huayouza 158R was lower, the photosynthetic pigment content
was significantly increased after initiation, and the effect was better than that of Huayouza 62.
Maintaining a certain level of photosynthetic pigment can improve light energy conversion efficiency
and maintain photosynthetic activity. It has been pointed out that photosynthetic parameters were
significantly reduced, and growth and development were inhibited under salt stress [38]. In this
study, Pn, Gs, Ci, and Tr were significantly decreased at S150 (Figure 5), which indicated that the
decrease in Pn under salt stress was due to stomatal restriction, reduced stomatal opening to reduce
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transpiration, and decreased inter-cellular CO: content, resulting in a significant decrease in Pn. Leaf
stunting and photosynthetic pigment content decreased under salt stress, while photosynthetic
parameters such as Pn only decreased significantly at S150, suggesting that oilseed rape had some
resistance at 5100. The study also showed that Pro-Ca priming promoted Pn by promoting stomatal
opening and intercellular CO: content, and the promotion became more significant with the elevation
of salt stress. This suggests that Pro-Ca priming seems to play a more significant role in oilseed rape
when it is more severely inhibited, and the exact mechanism of its effect needs to be further
investigated.

The ionic damage of salt stress on oilseed rape is mainly caused by Na*; excessive Na* will
disturb the plant metabolism, cause damage to the cell membrane system, increase the permeability
of the cell membrane, and electrolyte extravasation, resulting in cellular metabolism disorders and
the accumulation of reactive oxygen species, which will lead to the inhibition of plant growth or even
death [39]. When the concentration of Na* and CI- in the plant is too high, it also interferes with the
uptake of nitrogen and nutrients such as K* and Mg?* by the root system, which leads to plant stunting
[40]. The present study showed a significant increase in Na* content and a significant decrease in K*
and Mg?* content under salt stress (Figure 8). Excessive accumulation of Na*, increased cellular
plasma peroxidation, and damage to membrane lipids or membrane proteins caused a significant
increase in relative conductivity and MDA content of oilseed rape leaves (Figure 6), which is
consistent with the results of previous studies. The central metal element for chlorophyll synthesis is
Mg [41]. The significant decrease in Mg?* content may further affect chlorophyll synthesis, and the
reduced photosynthetic capacity leads to slow development. It was found that antioxidant enzyme
activities were elevated at this time, and oilseed rape activated the self-defense mechanism (Figure
7). The antioxidant defense system is a crucial mechanism for plants to regulate the balance of reactive
oxygen species and resist environmental stress [42]. The changes in antioxidant enzyme activities
under salt stress were variable, and it was noted that the activities of SOD, CAT, and APX were
significantly enhanced in tomato seedlings under salt stress [43]. Our results were similar to theirs;
SOD, POD, and APX activities increased significantly under salt stress except for CAT activity (Figure
7), which may be related to the degree of salt stress and cultivar salt tolerance, and the antioxidant
defense system of oilseed rape was enhanced under salt stress. After Pro-Ca primed, Na* content
decreased significantly, and K* and Mg? showed an increasing trend (Figure 8). A large amount of
Na* accumulation inhibits K* uptake, and researchers have suggested that the K*/ Na* ratio can reflect
the degree of salt stress in crops [44]. The K* content (Figure 8A), which decreased after Pro-Ca
primed under unstressed conditions, is worth noting. Under salt stress conditions, it increased after
Pro-Ca primed; however, both K*/ Na* increased (Figure 8D). This suggests that the mode of
regulation is inconsistent, with the unstressed condition primarily contributing to a decrease in Na*
content and the salt stress condition contributing to a decrease in Na* while also promoting the uptake
of potassium ions. The study also showed that Pro-Ca primed a decrease in relative conductivity and
MDA content and increased antioxidant enzyme activities. Therefore, our results strongly suggest
that Pro-Ca primed alleviates salt stress in oilseed rape.

5. Conclusions

In this experiment, salt stress inhibited seed vigor, and seed vigor increased significantly after
Pro-Ca was primed, and malondialdehyde content decreased significantly, alleviating salt stress
inhibition and promoting seed germination. Salt stress inhibited stomatal opening and
photosynthetic pigment synthesis, and the Pn decreased; meanwhile, the Na* content increased
significantly, and the relative conductivity and MDA content of leaves increased significantly under
the influence of salt damage, and the growth of oilseed rape was slow, and the plants were weak.
Pro-Ca primed promoted leaf growth, stomatal opening, and photosynthetic pigment synthesis,
improved leaf photosynthetic capacity, and promoted the growth of oilseed rape seedlings, with a
rise in seedling strength index; it also inhibited Na* uptake, promoted K* and Mg?* uptake, and
increased the activity of antioxidant enzymes while the K*/Na* increased, which effectively mitigated
ionic toxicity. Therefore, Pro-Ca primed can improve the photosynthetic capacity and antioxidant



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 d0i:10.20944/preprints202403.1080.v1

15

enzyme activity of oilseed rape by promoting leaf growth, reducing Na* content, and promoting K+
and Mg?* uptake to jointly alleviate the salt damage and improve the salt tolerance of oilseed rape.
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