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Nitrogen application alleviates salt stress by enhancing osmotic balance, ROS 
scavenging, and photosynthesis of rapeseed seedlings (Brassica napus)
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ABSTRACT
Nitrogen application could alleviate salt stress on crops, but the specific physiological mechanism is still 
unclear. Therefore, in this study, a pot experiment was conducted to explore the effects of different 
application rates of nitrogen (0, 0.15, 0.30, and 0.45 g·kg−1) on the growth parameters, osmotic adjust
ment, reactive oxygen species scavenging, and photosynthesis of rapeseed seedlings planted in the soils 
with different concentrations of sodium chloride (1.5, 3.5, 5.5, and 7.5 g·kg−1). The results showed that 
nitrogen could alleviate the inhibition of salt on rapeseed growth, and improve the antioxidant enzyme 
activities and the contents of non-enzymatic substances, K+, soluble protein (SP), soluble sugar (SS), and 
proline. Besides, there was a significant correlation between the indexes of active oxygen scavenging 
system, osmoregulation system, and photosynthesis. Therefore, applying appropriate amount of nitrogen 
can promote the growth and development of rapeseed seedlings under salt stress, accelerate the 
scavenging of reactive oxygen species, maintain osmotic balance, and promote photosynthesis. This 
study will improve our understanding on the mechanism by which nitrogen application alleviates salt 
stress to crops.
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1. Introduction

Salt stress is a major abiotic stress affecting the growth and 
development of crops.1 Due to excessive salt in the soil, a large 
number of chloride ions (Cl−) and sodium ions (Na+) penetrate 
into plant cells, destroy plant cells and organelles, affect plant 
metabolism, leading to the production and accumulation of 
toxic substances. Finally, crop cells are destroyed.2 High soil 
salinity have adverse effects on crop growth and development, 
nutrient absorption, photosynthesis, enzyme activity, protein 
synthesis, and hormone metabolism.3 Therefore, alleviating 
salt stress on crop physiological processes is a prerequisite to 
improve crop yield and quality.

Under salt stress, plants absorb a large number of salt ions, 
leading to the metabolic imbalance. To adapt to the high- 
salinity soil environment, crops often adjust their own osmotic 
balance, ion distribution, reactive oxygen species (ROS), 
photosynthesis, and other physiological processes,4 to reduce 
the toxicity of salt to their growth and development. Some 
studies have shown that crops respond to salt stress by redu
cing the osmotic potential of cells and enhancing the water 
absorption capacity of roots by regulating inorganic ions5 or 
synthesizing and accumulating organic substances6 in cyto
plasm, to alleviate the osmotic stress caused by salt. Besides, 
under salt stress, crops increase the activity of antioxidant 
enzymes7 and the content of small molecular antioxidants 
(ascorbic acid,8 glutathione,9 tocopherol,10 etc.), to reduce the 

damage caused by excessive ROS, such as membrane damage, 
protein degradation, and enzyme inactivation, and alleviate the 
toxicity of soil salt. Sun et al.11 found that when the salt 
concentration was 0 ~ 100 mmol·L−1, the stomatal opening 
was reduced in cotton seedlings, to maintain the photosyn
thetic organs undamaged and normal photosynthesis. 
However, the self regulation ability of crop to salt stress has 
certain limitations. Excessive soil salt always causes osmotic 
stress, ion toxicity, and photosynthetic damage to crops and 
affects crop growth and development.12

Nitrogen is one of the essential elements for crop growth 
and development. It is a component of the main substances 
in crops, such as nucleic acid, protein, and chloroplast.13 

Nitrogen actively participates in a variety of physiological 
pathways, such as osmotic substance synthesis,14 ROS 
scavenging,15 photosynthesis regulation,16 and so on. 
Ahanger et al.17 pointed out that nitrogen application 
could enhance the accumulation of antioxidant substances 
and osmolyte metabolism of wheat, and alleviate the growth 
inhibition caused by salt stress. Huang et al.18 showed that 
compared with low nitrogen supply, high nitrogen supply 
could maintain constant leaf water potential and stomatal 
conductance (gs) by improving rice leaf hydraulic conduc
tivity, and significantly improve photosynthesis and toler
ance to high temperature stress. Alla et al.19 showed that 
nitrogen application could improve the photosynthetic 
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activity of maize seedlings under NaCl stress, inhibit the 
reduction of protein and pigments, and effectively reduce 
the impact of salt stress. Gao et al.20 showed that nitrogen 
application could increase the content of antioxidants and 
the activity of antioxidant enzymes in Nitraria japonica 
under salt stress, and activate the ascorbic acid- 
glutathione (ASA-GSH) cycle through improving the 
expression of related genes, so as to eliminate excessive 
reactive oxygen species and alleviate salt stress.

Rapeseed has the characteristics of low planting cost, 
high yield, and high nutritional value,21 and can improve 
soil physical and chemical properties. However, rapeseed 
is sensitive to soil salt at seedling stage. Excessive soil salt 
often causes water loss and ion toxicity, and destroys 
normal metabolic function of plants.22 However, at pre
sent, the effect of nitrogen application on osmotic stress, 
ion toxicity, and photosynthetic damage caused by salt is 
not clear. There, this study (1) explored the effects of salt 
stress on the growth and physiological indexes of rapeseed 
seedlings, (2) determined the effect of nitrogen application 
on osmotic regulation and ROS scavenging system of 
rapeseed seedlings under salt stress, and (3) clarified the 
response mechanism of physiological and biochemical 
indexes and photosynthesis of rapeseed seedlings to nitro
gen application under salt stress. This study will improve 
our understanding on the mechanism by which nitrogen 
application alleviates salt stress to crops.

2. Materials and methods

2.1. Study site

The experiment was conducted at the Experimental Station of 
Shihezi University, Xinjiang Uygur Autonomous Region, 
China (86°3′N, 44°18′E, 428 m a.s.l.) in 2020. The region has 
a temperate continental climate, with an annual sunshine 
duration of 2,725–2,820 h, an accumulated temperature 
≥10°C of 3,595–3,729°C, an annual precipitation of 125.0– 
207.7 mm, and a frost-free period of 168–171 days. The soil 
was sandy loam, with pH value of 7.68, organic matter of 
11.25 g·kg−1, total nitrogen of 0.89 g·kg−1, available phosphorus 
of 18.70 mg·kg−1, available potassium of 242.00 mg·kg−1, and 
salinity of 0.53 g·kg−1 .

2.2. Experimental design

The experiment employed a random block design with two 
factors (NaCl application and nitrogen application). Four gra
dients of salt application rate (0 (S0), 3.5 (S1), 5.5 (S2), and 7.5 
(S3) g·kg−1) and four nitrogen application rates (0 (N0), 0.15 
(N1), 0.30 (N2), and 0.45 (N3) g·kg−1) were set up. There were 
a total of 16 treatments, and each treatment had 10 replicates 
(Figure 1).

On July 25th, rapeseed seeds (variety: Huayouza No. 62) 
were sown in plastic trays containing soil and vermiculite 
mixture (V:V = 1:1) at a depth of 3–5 cm (one seed per tray). 
Then, the trays were transferred into an incubator with light 
intensity of 7,500–8,500 lx, temperature of 15–20°C, and light 
time of 12–14 h per day, and sprayed with deionized water 
daily to keep the soil surface moist. Different amounts of salt 
and nitrogen were mixed evenly with the soil collected from the 
field (0–20 cm soil layer) separately and transferred in pots 
(upper diameter: 25 cm, bottom diameter: 20 cm, height: 
30 cm, soil weight: 13 kg). When most seedlings had three 
leaves, the seedlings with uniform growth were selected. The 
soils on the roots of the selected seedlings were cleaned before 
transplanting into pots. Three seedlings were planted in one 
pot. Concentrated superphosphate (P2O5, 46–54%) of 
0.25 g·kg−1 and potassium sulfate (K2O, 50%) of 0.15 g·kg−1 

were applied once for each pot, and 500 mL of water was 
applied to each pot during each irrigation to prevent leakage 
of salt from pots. Other managements were consistent. On 
August 29, one plant was sampled from one pot. The samples 
were put into sealed bags, wrapped with tine foil, ice-cooled in 
an box, and taken back to the lab for the physiological 
determinations.

2.3. Determination methods

2.3.1 Determination of growth parameters
Rapeseed seedlings were collected from each treatment. Then, 
the seedlings were dried to constant weight, and weighed to 
calculate the average dry weight for each treatment. The leaf 
area was measured by leaf area meter (resolution: 1 mm2, LI- 
COR LI-3100C, USA). Water content (%) was determined 
according to the following formula 

Water content %ð Þ ¼ FW � DWð Þ=FW � 100%

Figure 1. Schematic diagram of potted plant layout under different treatments. Note: a – change in SP content, b – change in SS content, c – change in Pro content, d – 
change in K+ content, e – change in Na+ content
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Where FW is the fresh weight of sample, and DW is the dry 
weight of sample.

2.3.2 Determination of indexes of ROS scavenging system 
in rapeseed seedlings
Fresh rapeseed sample (0.50 g) was ground in ice bath with 
5 mL phosphate buffer (pH: 7.8) in a mortar, then the enzyme 
solution was transferred into test tube after freezing and cen
trifugation, and stored at 0–4°C. The superoxide dismutase 
(SOD) activity was determined according to Wei et al. (2021). 
SOD reaction solution consisting of tetrazolium blue, methio
nine, riboflavin, and EDTA-Na2, was mixed with 200 μL 
enzyme solution, and the absorbance was measured at 
560 nm. The peroxidase (POD) activity was determined 
according to Wei et al. Enzyme solution (100 μL) and 3 mL 
of POD guaiacol reaction solution were transferred in 
a cuvette. Then, the absorbance was measured once every 
1 min at 470 nm, and a total of three-time measurement was 
conducted. The enzyme activity was expressed with the absor
bance change value per min. The catalase (CAT) activity was 
measured according to Wei et al. Three milliliters of 
20 mmol∙L−1 H2O2 solution was mixed with 100 μL enzyme 
extract, and then the absorbance was measured at 240 nm after 
15s. The data were obtained every 30s and a total of 6 time data 
acquisition was conducted. The malonaldehyde (MDA) con
tent was determined according to Wei et al. Enzyme extract 
(1 mL) was diluted with 1 mL of phosphoric acid buffer (pH: 
7.8), then 4 mL of thiobarbituric acid solution was added, 
boiled for 15 min, and then cooled rapidly after centrifugation. 
The absorbance was determined at 450, 532, and 600 nm.23

The content of ascorbic acid (ASA) was determined by 
spectrophotometer.24 Fresh rape seedlings (5.00 g) was ground 
into slurry with 20 mL of 50 g∙L−1 trichloroacetic acid solution 
under the condition of ice bath, and then the volume was made 
up to 100 mL with 50 g∙L−1 trichloroacetic acid solution, 
followed by an extract for 10 min. Sample extract (1 mL) was 
added into the test tube, followed by the addition of 1 mL of 
trichloroacetic acid solution, 1 mL of absolute ethanol, 0.5 mL 
of 0.4% phosphoric acid ethanol solution, 1 mL of BP-ethanol 
solution, and 1 mL of FeCl3-ethanol solution. Then, the absor
bance was determined at 534 nm.24 The content of reduced 
glutathione (GSH) was determined according to Li et al. Fresh 
rapeseed seedlings (2.50 g) was ground into homogenate with 
5 mL of 50 g∙L−1 trichloroacetic acid solution under the con
dition of ice bath, and the supernatant was collected after 
centrifugation. Then, 1 mL of distilled water, 1 mL of 
0.1 mol∙L−1 phosphoric acid buffer (pH = 7.7), and 0.5 mL of 
4 mmol∙L−1 DTNB solution were added into a test tube and 
mixed well. This solution was taken as a reference to zero the 
spectrophotometer at 412 nm. Another two test tubes were 
prepared and 1 mL of supernatant and 1 mL of phosphate 
buffer (pH: 7.7) were added respectively. Then, 0.5 mL of 
4 mmol∙L−1 DTNB solution was added into one test tube and 
0.5 mL of phosphoric acid buffer (pH: 6.8) was added into the 
other test tube. The two tubes were kept at 25°C for 10 min, 
and the absorbance was measured at 412 nm.24 The content of 
carotenoid (Car) was determined according to Ahanger et al. 
Fresh rapeseed leaves (0.2 g) was transferred in a 10 mL volu
metric flask, shaken well after adding 10 mL of extraction 

solution (acetone: ethanol = 1:1), and stored in dark overnight. 
After the leaves were completely white, the absorbance was 
measured at 470 nm.17

2.3.3 Determination of indexes of osmotic regulation 
system of rapeseed seedlings
The relative conductivity was measured by conductivity meter 
(Mettler-Toledo, Switzerland). Fresh rapeseed leaves were 
washed with distilled water for 1 ~ 2 times. Then, 0.20 g leaf 
samples were cut into pieces, and immersed in 20 mL of 
distilled water in a test tube with plug at room temperature 
for 5 h. After that, the conductivity was measured with the 
S230-K-CN conductivity meter. The conductivity was mea
sured again after a 15-min boil water bath and cooling to 
room temperature.23

The content of soluble protein (SP) was determined by 
Coomassie brilliant blue method.23 Fresh rapeseed sample 
(0.25 g) was ground into homogenate with 5 mL distilled 
water and centrifuged. Then, the supernatant (0.3 mL) was 
mixed with 5 mL Coomassie brilliant blue reagent in the test 
tube and shaken well. The absorbance was measured at 595 nm 
after 2 min.23 The content of soluble sugar (SS) was determined 
according to Li et al.25 Fresh rapeseed sample (0.10 g) was cut 
into pieces and 5 mL distilled water was added. Then, the 
mouth was sealed with sealing film, followed by an extraction 
in boiling water for 30 min. This step was repeated twice. The 
extract was filtered to a constant volume of 25 mL. After that, 
0.5 mL of extract was transferred into a test tube, and 1.5 mL 
distilled water, 1 mL 9% phenol solution, and 5 mL concen
trated sulfuric acid were added. The tube was shaken and place 
at room temperature for 30 min, Colorimetry was performed at 
the wavelength of 485 nm.25 The content of proline (Pro) was 
determined according to Li et al.25 Fresh rapeseed sample 
(0.10 g) was mixed with 3 mL of 5% sulfosalicylic acid and 
extracted in boiling water bath for 10 min. The filtrate was 
collected after cooling (proline extract). Then, 2 mL extract, 
2 mL glacial acetic acid, and 2 mL acid ninhydrin test agent 
were added into a covered test tube, followed by a boiling water 
bath for 30 min. After that, 4 mL toluene was added after 
cooling, followed by shaking for 30s. The upper solution was 
pipetted into a cuvette and the absorbance was measured at 
520 nm.25

The contents of potassium (K+) and sodium (Na+) were 
determined according to Guo et al.26 Dried rapeseed seedlings 
(0.5 g) was mixed with 10 mL deionized water, followed by 
a water bath for 2 h. Then, 5 mL was absorbed, and the volume 
was made up to 50 mL with ionic water. Finally, the contents of 
potassium (K+) and sodium (Na+) were determined with the 
flame photometer (FP640, Shanghai, China).26

2.3.4 Determination of photosynthetic indexes of rapeseed 
seedlings
The chlorophyll content (Chl) was measured by spectrophot
ometer method.27 Fresh rapeseed leaves (0.2 g) were trans
ferred in a 10 mL volumetric flask, and 10 mL of extraction 
solution (acetone: ethanol = 1:1) was added. Then, the flask was 
placed in dark at room temperature after fully shaking. After 
the leaves were completely white, the absorbance were mea
sured at 665 and 649 nm. The fully expanded leaves were 
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selected to measure the photosynthetic parameters from 9:00 to 
11:00. The net photosynthetic rate (Pn), stomatal conductance 
(gs), and transpiration rate (Tr) were measured at the same leaf 
position of the same plant by Li-6400 portable photosynthetic 
instrument (li-cor, Lincoln, NE, USA). The light intensity of 
the portable photosynthetic determination system was set as 
1000 µmol·m−2s−1, the CO2 concentration was 400 µmol·mol−1, 
and the temperature was 25°C.27

2.4 Data Processing

Excel 2013 (Microsoft Office, Redmond, USA) and SPSS 19.0 
(Statistical Product and Service Solutions, Chicago, USA) soft
ware were used for data processing and Pearson analysis. 
Significant differences were determined using Duncan’s multi
ple comparisons (P < .05). Origin 2018 (Origin Lab, 
Massachusetts, USA) and PowerPoint 2016 (Microsoft Office, 
Redmond, USA) were used to create the Figures

3. Results

3.1. Effect of salt and nitrogen application on the growth 
of rapeseed seedlings

Salt application significantly suppressed the growth of rapeseed 
seedlings (Table 1). With the increase of soil salinity, the 
relative conductivity and MDA content increased significantly 
(P < .05), while the dry weight (P > .05), leaf area (P < .05), and 
water content (P > .05) decreased. The S3N0 treatment had the 
most significant changes. The relative conductivity and MDA 
content in the S3N0 treatment increased by 48.34% and 43.34%, 
respectively (P < .05), and the dry weight, leaf area, and water 
content decreased by 19.49%, 18.28%, and 7.21%, respec
tively (P < .05).

Nitrogen application had different effects on the relative 
conductivity, MDA content, dry weight, leaf area, and water 
content in rapeseed seedlings at different levels of soil salinity. 
There were obvious changes in the above indexes in the S1N2 
and S2N2 treatments compared to the S1N0 and S2N0 

treatments, respectively (P < .05), while the changes in MDA 
content and water content were not obvious in the S3N1, S3N2, 
and S3N3 treatments. Compared to S1N0 treatment, S1N2 treat
ment had the lowest relative conductivity (49.99%) and MDA 
content (8.20 nmol·g−1) and the highest dry weight (1.50 g), 
leaf area (13.91 cm2), and water content (90.84%). The relative 
conductivity and MDA in the S1N3 treatment increased by 
3.75% and 10.31%, respectively, and the dry weight, leaf area, 
and water content decreased by 2.41%, 5.56%, and 0.43%, 
respectively compared with those in the S1N2 treatment. 
According to the results of two-factor ANOVA analysis, the 
effects of salt application, nitrogen application, and their inter
action on dry weight, leaf area, relative conductivity, and MDA 
content reached a significant level.

3.2. Effects of nitrogen application on the osmoregulatory 
system of rapeseed seedlings at different levels of soil salinity

The content of Pro increased with the increase of soil 
salinity (P < .05) (Figure 2). The content of Pro in the S3N0 
treatment increased by 163.60% compared with that in the S0 
N0 treatment (P < .05). The content of SP in the S2N0 and S3N0 
treatments increased by 37.45% and 40.32%, respectively 
(P < .05) compared with that in the S0N0 treatment. The 
content of SS in the S2N0 and S3N0 treatments decreased by 
20.52% and 34.07%, respectively, compared with that in the S0 
N0 treatment (P < .05). The content of Na+ increased but the 
content of K+ decreased, with the increase of soil salinity 
(P < .05). The S3N0 treatment had the highest content of Na+ 

(7.63 mg·g−1) and the lowest content of K+ (2.16 mg·g−1).
Nitrogen application increased the content of SP, SS, Pro, 

and K+, but decreased the content of Na+ at all levels of soil 
salinity (P < .05). At the same salinity level, the content of SP, 
SS, and K+ increased first and then decreased with the increase 
of nitrogen application rate, and the highest content of SP, SS, 
and K+ were observed in the N2 treatments. The content of SP, 
SS, and K+ in the S1N2 treatment increased by 142.08%, 
71.17%, and 37.97%, respectively (P < .05), compared with 
those in the S1N0 treatment, while the content of SP, SS, and 
K+ in the S1N3 treatment decreased by 42.02%, 15.09%, and 
87.90% (P < .05), respectively, compared with those in the S1N2 

Table 1. Effects of nitrogen application on the growth of rapeseed seedlings at different levels of soil salinity.

Treatment Dry weight (g) Leaf area (cm2) Water content (%) Relative conductivity (%) MDA content (nmol·g−1)

S0 N0 1.46 ± 0.09cB 12.17 ± 0.18deC 91.11 ± 0.82abcA 45.11 ± 2.59efA 8.80 ± 0.23 dA
N1 1.49 ± 0.03cB 12.81 ± 0.20cC 93.40 ± 0.67abA 44.05 ± 2.64fA 6.76 ± 0.42efB
N2 2.10 ± 0.05aA 14.53 ± 0.22aA 95.00 ± 2.28aA 36.36 ± 2.55gB 5.95 ± 0.29fC
N3 1.69 ± 0.16bB 13.18 ± 0.10cB 93.75 ± 2.90abA 43.01 ± 2.55fA 6.18 ± 0.21efBC

S1 N0 1.22 ± 0.09 dB 11.95 ± 0.18deC 89.82 ± 3.00abcdA 50.10 ± 2.76eA 8.25 ± 0.19 dA
N1 1.31 ± 0.09cdAB 11.98 ± 0.07deC 89.90 ± 3.40abcdA 49.99 ± 2.68eA 8.20 ± 0.17 dA
N2 1.50 ± 0.10cA 13.91 ± 0.25 bA 90.84 ± 2.44abcA 44.69 ± 3.38A 6.00 ± 0.30fC
N3 1.46 ± 0.12cAB 13.14 ± 0.32cB 90.45 ± 2.49abcdA 46.43 ± 1.72efA 6.70 ± 0.23efB

S2 N0 1.20 ± 0.11 dB 11.69 ± 0.35eA 86.84 ± 2.53cdA 59.07 ± 2.67 dA 10.81 ± 0.75cA
N1 1.29 ± 0.06cdAB 10.81 ± 0.21fB 86.96 ± 1.92cdA 58.14 ± 2.92 dA 8.33 ± 0.25 dB
N2 1.47 ± 0.08cA 12.34 ± 0.29 dA 88.33 ± 3.39bcdA 57.12 ± 2.71 dA 7.08 ± 0.20eC
N3 1.38 ± 0.06cdAB 11.95 ± 0.23deA 87.76 ± 2.05bcdA 57.71 ± 1.82 dA 10.61 ± 0.46cA

S3 N0 1.18 ± 0.080 dA 9.79 ± 0.28gC 84.55 ± 2.94 dA 87.32 ± 2.36aA 12.62 ± 0.55aA
N1 1.19 ± 0.09 dA 10.69 ± 0.21fB 85.14 ± 2.09cdA 74.12 ± 2.58bB 11.88 ± 0.61abAB
N2 1.25 ± 0.06 dA 11.77 ± 0.25eA 86.49 ± 2.72cdA 66.30 ± 2.40cC 10.89 ± 0.58cB
N3 1.24 ± 0.11 dA 10.75 ± 0.17fB 85.19 ± 3.39cdA 72.11 ± 2.37bB 11.22 ± 0.75bcAB

Significance (P-value) Salt treatment (ST) ** ** ** ** **
Nitrogen treatment (NT) ** ** ns ** **
ST×NT ** ** ns ** **

Note: Different lowercase letters in the same column indicate significant difference between treatments (P < 0.05), and different uppercase letters in the same column 
indicate significant difference between nitrogen treatments at the same salinity level (P < 0.05). The same below.
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treatment. Same trends were observed at S2 and S3 levels. The 
content of Pro showed an increasing trend with the increase of 
nitrogen application rate at the same salinity level. The content 
of Pro in the S1N1, S1N2, and S1N3 treatments all increased 
(P < .05). There was no difference between S2N1 and S2N0 
treatments and between S3N1 and S3N0 treatments, but the 
content of Pro in the N3 treatments were higher than that in the 
N0 treatments (P < .05). The content of Na+ decreased and then 
increased with the increase of nitrogen application rate, and the 
lowest was found in the N2 treatments. The Na+ content in the 
S1N2 and S1N3 treatments decreased by 28.44% and 15.09%, 
respectively (P < .05) compared with that in the S1N0 treat
ment, and the Na+ content in the S2N2 and S2N3 treatments 
decreased by 13.39% and 10.51%, respectively compared with 
that in the S2N0 treatment (P < .05). The content of Na+ in the 
S3N1, S3N2, and S3N3 treatment decreased (P < .05) compared 
with that in the S3N0 treatment, while the content of Na+ in the 
S1N3, S2N3, and S3N3 treatments increased by 17.16%, 15.73%, 
and 2.57%, respectively (P < .05), compared with that in the S1 
N2, S2N2, and S3N2 treatments.

3.3. Effects of nitrogen application on the ROS scavenging 
system of rapeseed seedlings at different levels of soil salinity

The activities of antioxidant enzymes (POD, SOD, and 
CAT) and the contents of non-enzymatic substances (ASA, 
GSH and Car) in rapeseed seedlings increased with the increase 
of soil salinity (Figure 3). The activities of POD, SOD, and CAT 
and the contents of ASA, GSH, and Car in the S3N0 treatment 
were the highest among the treatments, which were 
0.16 U·(g·min)−1, 67.97 U·g−1, 0.23 U·(g·min)−1, 1.86 
mg·100 g−1, 0.02 µmol·g−1, and 220.98 mg·g−1, respectively.

Nitrogen application increased the antioxidant enzyme 
activity and the content of non-enzymatic substances in rape
seed seedlings at different levels of soil salinity (P < .05). 

Whether at the same salinity level or at different salinity levels, 
the variation trends of antioxidant enzyme activity were the 
same. The antioxidant enzyme activity increased with the 
increase of nitrogen application rate and the N2 treatments 
had the highest antioxidant enzyme activity. The POD, SOD, 
and CAT activities in the S1N2 treatment increased by 6.98%, 
44.10%, and 8.86%, respectively, compared with those in the S1 
N0 treatment. However, the POD, SOD, and CAT activities in 
the S1N3 treatment decreased by 3.88%, 24.22%, and 1.27%, 
respectively compared with those in the S1N2 treatment. At the 
same soil salinity, the contents of GSH and Car increased with 
the increase of nitrogen application rate (P < .05). The ASA 
content also increased (P > .05), and the highest was found in 
the N3 treatments. The contents of ASA, GSH, and Car in the 
S1N3 treatment increased by 2.45%, 37.50%, and 35.88%, 
respectively, compared with those in the S1N0 treatment.

3.4. Effects of nitrogen application on photosynthesis of rape
seed seedlings at different levels of soil salinity

Soil salinity suppressed the synthesis of chlorophyll in rape
seed seedlings (Table 2). The chlorophyll content, photosyn
thetic rate, Pn, gs, and Tr all decreased with the increase of soil 
salinity. There were differences in the Chl, Pn, gs, and Tr 
between S3 and S0 treatments (P < .05). The Chl content, Pn, 
gs, and Tr were the lowest in the S3N0 treatment, decreasing by 
36.60%, 33.33%, 12.53%, and 15.67%, respectively, compared 
with those in the S0N0 treatment.

Nitrogen application increased Chl content, Pn, gs, and Tr 
(P < .05) at all soil salinity levels except for the Pn at S1 level. 
The variation trends of Chl content, Pn, gs, and Tr in the S2 and 
S3 treatments were the same as those in the S1 treatments. The 
Chl, Pn, gs and Tr were the highest in the S1N2 treatment, 
increasing by 5.89%, 11.87%, 43.93%, and 33.52%, respectively, 
while those in the S1N3 treatment decreased by 1.52%, 11.36%, 

Figure 2. Effects of nitrogen application on inorganic ions and organic osmotic regulatory substances in the osmotic regulation system of rape seedlings under different 
salinity content. Note: a – change in POD activity, b – change in SOD activity, c – change in CAT activity, d – change in ASA content, e – change in GSH content, f – 
change in Car content
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3.95%, and 21.93%, respectively, compared with those in the S1 
N0 treatment. The two-factor ANOVA showed that the effects 
of salt application, nitrogen application, and their interaction 
on Chl, Pn, gs, and Tr all reached significant levels.

3.5. Correlation analysis of ROS scavenging system and 
osmoregulatory system in rapeseed seedlings

There was a positive correlation between the enzymes (POD, 
SOD, and CAT) and the non-enzymatic substances (GSH, 
ASA, and Car) in the ROS scavenging system (P < .01) 
(Figure 4). The highest correlation was found between ASA 

and Car (correlation coefficient: 0.94), followed by the correla
tion between POD and Car (0.64). The correlations between 
organic osmoregulatory substances were low. However, there 
was a negative correlation between K+ and Na+ (−0.85) 
(P < .01). The Pro had a negative correlation with K+ (−0.87) 
and a positive correlation with Na+ (0.66). The SS had 
a positive correlation with K+ (0.69) and a negative correlation 
with Na+ (−0.68) (P < .01).

There was a correlation between the substances in the ROS 
scavenging system and the substances in the osmoregulatory 
system (P < .05). In comparison with organic osmoregulatory 
substances, the enzymes (POD, SOD, and CAT) and non- 

Table 2. Effects of nitrogen application on photosynthesis of rapeseed seedlings at different levels of soil salinity.

Treatment
Total chlorophyll (Chl) 

(μg·g−1)
Photosynthetic rate (Pn) 

(µmol·m−2·s−1)
Stomatal conductance (gs) 

(mmol·m−2·s−1)
Transpiration rate (Tr) 

(mmol·m−2·s−1)

S0 N0 1756.80 ± 51.51cdC 18.10 ± 0.72bcdeB 0.77 ± 0.02fgC 4.00 ± 0.13defD
N1 1949.26 ± 127.91bcBC 19.37 ± 0.85abcAB 1.13 ± 0.08cB 4.62 ± 0.11cdC
N2 2508.32 ± 66.95aA 20.73 ± 0.85aA 1.55 ± 0.06aA 6.38 ± 0.15aA
N3 2122.13 ± 206.72bB 18.37 ± 1.06bcdeB 1.15 ± 0.04cB 5.78 ± 0.26abB

S1 N0 1640.45 ± 63.08deA 17.33 ± 0.78deA 0.76 ± 0.01gC 3.93 ± 0.26efB
N1 1669.57 ± 153.92deA 17.64 ± 1.22cdeA 1.00 ± 0.03 dB 4.67 ± 0.57cB
N2 1743.20 ± 171.71cdA 19.67 ± 0.57abA 1.35 ± 7.34 bA 5.91 ± 0.15abA
N3 1716.67 ± 42.21cdeA 17.43 ± 1.67deA 1.30 ± 0.03 bA 4.61 ± 0.36cB

S2 N0 1455.63 ± 200.29efA 14.63 ± 0.76fC 0.76 ± 0.02gC 3.56 ± 0.51fC
N1 1538.85 ± 72.64deA 17.40 ± 0.47deB 0.82 ± 0.01efgC 4.54 ± 0.35cdeB
N2 1602.97 ± 30.52deA 18.60 ± 0.24bcdA 1.03 ± 0.02 dA 5.84 ± 0.240abA
N3 1542.89 ± 79.68deA 16.67 ± 0.47eB 0.89 ± 0.03eB 4.75 ± 0.07cB

S3 N0 1113.86 ± 91.39 gA 12.07 ± 0.17gC 0.67 ± 0.03hD 3.37 ± 0.21fC
N1 1132.07 ± 130.24 gA 17.40 ± 0.42deB 0.85 ± 0.036efC 3.87 ± 0.13fC
N2 1257.37 ± 51.92fgA 18.57 ± 0.42bcdA 1.03 ± 0.03 dA 5.52 ± 0.35 bA
N3 1146.03 ± 122.77 gA 16.73 ± 0.37deB 0.90 ± 0.02eB 4.66 ± 0.07cB

Significance 
(P-value)

Salt treatment (ST) ** ** ** **
Nitrogen 

treatment (NT)
** ** ** **

ST×NT ** ** ** **

Figure 3. Effects of nitrogen application on enzymatic and non-enzymatic lines in the ROS clearance system of rape seedlings under different salt content. Note: Light 
color line indicates insignificant correlation, virtual line indicates significant correlation (* indicates significance at 0.05 level), and real line indicates extremely significant 
correlation (** indicates significance at 0.01 level)
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enzymatic substances (GSH, ASA, and Car) in the ROS scaven
ging system all had positive correlations with Pro (P < .01), and 
the highest correlation was found between CAT and Pro (0.96). 
The enzymes (POD, SOD, and CAT) and non-enzymatic sub
stances (GSH and ASA) had positive correlations with SP 
(P < .01), and the highest correlation was found between ASA 
and SP (0.74). Car had a positive correlation with SP (0.56) 
(P < .05). In comparison with inorganic osmoregulatory sub
stances, the enzymes (POD, SOD, and CAT) and ASA had 
negative correlations with K+ (P < .05), and the highest corre
lation was found between CAT and K+ (−0.84). The enzymes 
had positive correlations with Na+ (P < .05), and the highest 
correlation was found between Na+ and CAT (0.71), while the 
non-enzyme substances (GSH, ASA, and Car) had lower cor
relations with Na+.

3.6. Correlation analysis of photosynthetic parameters with 
the substances in ROS scavenging system and osmoregulatory 
system in rapeseed seedlings

Chl had a positive correlation with Pn, gs, and Tr (P < .05) 
(Figure 5). The physiological indicators with high correlations 
with Chl, Pn, gs, and Tr were screened in this study. Chl had 
a positive correlation with Pn, gs, and Tr, with correlation 
coefficient of 0.65, 0.70, and 0.58, respectively. Chl had 
a negative correlation with POD, SOD, and CAT in the ROS 
scavenging system (P < .01). Among them, the correlation 
between Chl and POD was the highest (−0.81). Chl had 
a negative correlation with ASA (−0.50) (P < .05). Chl had 
a positive correlation with SS and K+ (0.70 and 0.96) (P < .01), 
and a negative correlation with Pro (−0.82) (P < .01). Pn, gs, and 
Tr had a positive correlation with SS and K+ (P < .05), and the 
correlation between Tr and SS was the highest (0.93). Pn had 
a negative correlation with Na+ (−0.80) (P < .01), and gs and Tr 
had negative correlations with Na+ (−0.62 and −0.589, respec
tively) (P < .05).

4. Discussion

The effects of soil salinity on crops are multifaceted. When the 
salt accumulated in crops reaches a certain amount, various 
physiological and biochemical reactions and even growth of 
crops will be hindered.28 In this study, it was found (Figure 6) 

that with the increase of soil salinity, a large amount of Na+ 

accumulated in rapeseed seedlings, and the relative conductiv
ity increased, resulting in the decrease of osmotic potential and 
osmotic stress. It may be due to the increased permeability of 
plasma membrane and the volume reduction and water loss in 
cytoplasm, vesicles, and other parts containing tissue fluid.29 

The increase of MDA content may be due to that excessive 
accumulation of ROS in organelles such as mitochondria and 
peroxisomes leads to the breaking of balance and the damage 
to membrane integrity and biological functional molecules 
such as nucleic acids, proteins, and lipids.30 In addition, in 
our study, salt stress led to decreased chlorophyll content, Pn, 
gs, and Tr, and weakened photosynthesis. This may be due to 
that excessive accumulation of reactive oxygen species (ROS) 
in photosystems I and II induced by salt stress distorts, loosens, 
and damages the thylakoid lamellae of chloroplasts, and 
destroys enzymes and proteins involved in light reactions and 
the Calvin cycle.31 At different levels of soil salinity, a series of 
physiological and biochemical responses (osmotic adjustment 
and ROS scavenging) were found in rapeseed seedlings to 
temporarily alleviate the salt stress. On the one hand, rapeseed 
seedlings improve their tolerance by accumulating osmoregu
latory substances (SP and Pro). On the other hand, the SOD, 
POD, and CAT activities are enhanced, and the accumulation 
of non-enzymatic substances (GSH and Car) is increased to 
alleviate the toxic effects generated by ROS by scavenging 
superoxide anion free radical, hydrogen peroxide, and hydro
xyl radicals.12,32 The contents of SS and K+ in rapeseed seed
lings reduced at different levels of soil salinity in this study, 
which was consistent with the results of Mansour et al.26 

However, Zhao et al.33 found that the content of SS increased 
with the increasing of soil salinity. It may be due to that the 
content of SS, one of the initial products of photosynthesis,34 

could be reduced for the suppression of photosynthesis caused 
by salt stress.

In this study, nitrogen application could increase the 
content of osmoregulatory substances in rapeseed seedlings 
and improve osmotic adjustment. The Na+ content 
decreased and the K+ content increased with the increase 
of nitrogen application rate. This is consistent with the 
findings of Yang et al.35 It may be due to the fact that 

Figure 4. Schematic diagram of the correlation between the indicators of the ROS removal system and the penetration regulation system. Note: * represents significance 
at 0.05 level, ** represents significance at 0.01 level
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nitrogen application could reduce the uptake of Na+ by 
promoting the synthesis of plasma membrane-bound trans
locating proteins,36 resulting in a certain accumulation of 
K+. Ahanger et al.17 have shown that nitrogen application 
could increase the organic osmoregulatory substances (pro
line, sugars, and amino acids) in wheat seedlings, thereby 
increasing the tolerance to salt stress. However, in this 
study, the contents of SP and SS increased with the increase 
of nitrogen application rate, and the contents of SP and SS 
in the N3 treatments decreased compared with those in the 
N2 treatments. It may be due to the fact that nitrogen 
application could promote the synthesis of soluble protein 
and sugar.37,38 However, when nitrogen application is in 
excess, nitrogen assimilation is enhanced, and more carbon 
is used for the synthesis of nitrogen-containing 
compounds.39 Hao and Kang40 have also found that high 
application rate of nitrogen fertilizer could increase sucrose 
phosphate synthase and phosphoenolpyruvate (PEP) car
boxylase, inhibit sugar synthesis, and reduce the contents 
of SP and SS. In this study, the content of Pro increased 
with the increase of nitrogen application rate, and the 

highest content of Pro was found in the N3 treatments. It 
may be due to that nitrogen application could increase the 
activity of P5C synthase during Pro synthesis and promote 
the synthesis of Pro.41

This study showed that nitrogen application could miti
gate the toxic effects of excessive ROS production caused 
by salt stress by increasing the activity of key antioxidant 
enzymes and the content of non-enzymatic antioxidants. 
Nitrogen alleviates the oxidative stress caused by salt 
stress-induced excessive ROS by increasing the activity of 
key antioxidant enzymes and the content of non- 
enzymatic antioxidants. Our results showed that appropri
ate nitrogen application rate could enhance the activity of 
antioxidant enzymes by improving the expression of cor
responding genes under salt stress.42 However, high nitro
gen application rate (N3) decreased the activity. This may 
be due to that excessive nitrogen destroys the nutrient 
balance of rapeseed seedlings, resulting in the decrease of 
antioxidant enzyme activity.43 Besides, in this study, for 
non-enzymatic antioxidants, nitrogen application 
increased the accumulation of ASA to a certain extent 

Figure 5. Schematic diagram of physiological indicators significantly related to photosynthesis and ROS removal system and osmotic regulation system.
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under salt stress. This may be due to that nitrogen 
enhances the activities of enzymes (galactolactone dehy
drogenase (GalLDH), monodehydroascorbate reductase 
(MDHAR), dehydroascorbate reductase (DHAR), and per
oxidase (APX)) involved in the synthesis of ASA.44 At S1 
and S2 levels, nitrogen application could regulate the 
activity of nitrate reductase and the content of nitric 
oxide to promote the synthesis of GSH.45,46 At S3 level, 
N3 treatment had the highest content of Car. This may be 
due to that nitrogen application increases the contents of 
rate limiting enzymes (PSY, PDS, and ZDS)47,48 in the 
process of Car synthesis, thus increasing the content of 
Car. Therefore, the application of moderate rate of 
N could effectively scavenge excess ROS through enhan
cing the activities of POD, SOD, and CAT in rapeseed 
seedlings at different levels of soil salinity. However, 
excessive nitrogen may lead to the increase in the content 
of non-enzymatic antioxidants (GSH and Car) to maintain 
the rate of ROS scavenging. Besides, in this study, Pro had 
a positive correlation with all enzymes (SOD, POD, and 
CAT) and non-enzymatic substances (ASA, GSH, and Car) 
of ROS scavenging system (P < .01). It may be due to that 
Pro could maintain osmotic balance, scavenge free radicals 
and singlet oxygen, stimulate antioxidant enzyme activity, 
and maintain the stability of proteins.49 SP had a positive 
correlation with antioxidant enzymes, GSH, and ASA 
(P < .01). It may be due to that SP has similar components 
to antioxidant enzymes and GSH, and ASA could promote 
the synthesis of SP.50 The negative correlation between K+ 

and antioxidant enzymes may be due to the fact that 
osmotic stress will occur when seedlings are subjected to 
oxidative stress, leading to the enhanced activity of anti
oxidant enzymes, aggravated osmotic stress, and decreased 
K+ content.51

Photosynthesis depends on a photosynthetic system com
posed of many complex proteins. Nitrogen, as a substrate for 
the synthesis of different proteins in the photosynthetic sys
tem, plays an important tole in photosynthesis.52 Therefore, 
the application of moderate rate of nitrogen in this study 
could decrease the negative effect of soil salinity on photo
synthesis through increasing Chl content, Pn, gs, and Tr. 
However, photosynthesis was suppressed when nitrogen con
centration was too high. It may be due to that nitrogen 
application could promote the synthesis of ribulose- 
1,5-bisphosphate(Rubisco) carboxylase and free amino acids, 
which reduces the nitrogen concentration in the components 
of electron transport chain and leads to the suppression of 
photosynthesis.53 Besides, it was found that the physiological 
indicators with a high correlation with photosynthesis, could 
further explain the indirect effect of nitrogen application on 
photosynthesis. Nitrogen is the basic element for synthesizing 
chlorophyll54 and plays a decisive role in plant 
photosynthesis55 In this study, the application of moderate 
rate of nitrogen could increase Chl content and promote 
photosynthesis. ROS scavenging and osmoregulatory system- 
related physiological indicators all could affect the photo
synthesis in rapeseed seedlings, but the mechanisms differs. 
Application of moderate rate of nitrogen could increase the 
activities of antioxidant enzymes, which suppresses the chlor
ophyll breakdown caused by excessive ROS under salt stress.56 

Nitrogen could promote the accumulation of ASA, 
a substance acting as a redox buffer in chloroplasts57 and 
playing a significant role in the protection of chloroplasts. 
Organic osmoregulatory substances SS and Pro could prevent 
the breakdown of chloroplast enzyme complex caused by 
excess Na+ in N2 treatment,58 increase the enzyme activity, 
K+ content, Rubisco activity,59 and PEP enzymes,60 and pro
mote chlorophyll synthesis. Meanwhile, the application of 

Figure 6. Schematic diagram of the physiological effects of soil salinity on rapeseed seedlings.
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moderate rate of nitrogen had a direct effect on Pn, gs, and Tr 
by promoting the increase of SS and K+ content. It mainly due 
to that K+ could not only regulate stomatal opening and 
closing but also affect the activities of water channel proteins, 
thus affecting transpiration rate.61 SS is the initial product of 
dark reactions in photosynthesis. The increase in SS content 
could enhance respiration, stomatal opening, and transpira
tion rate.39 Therefore, the physiological responses in photo
synthesis in rape seedlings under salt stress to nitrogen 
application is multifaceted, and the effects of different physio
logical indicators in the systems on photosynthesis are also 
crucial.

In summary, the application of moderate rate of nitrogen 
(N2) could enhance the tolerance of rapeseed seedlings to salt 
stress through synergistically regulating the osmoregulatory, 
ROS scavenging, and photosynthetic systems.

5. Conclusion

Nitrogen application could alleviate salt stress on the growth of 
rapeseed seedlings through increasing the content of organic 
osmoregulatory substances and K+. The application of moder
ate rate of nitrogen (0.30 g·kg−1) could obviously increase the 
antioxidant enzyme activity and the content of non-enzymatic 
substances to reduce the toxic effect of excessive ROS. Besides, 
nitrogen application could also increase the chlorophyll con
tent to alleviate the damage of salt stress to photosynthesis. It 
should be noted that there are high correlations between Pro, 
SP and antioxidant enzymes, between antioxidant enzymes, 
ASA, pro and chlorophyll, between Pn, gs, Tr and SS, K+, 
which jointly function in alleviating salt stress. This study not 
only improves the understanding of the mechanism of nitro
gen application on alleviating the salt stress on rapeseed seed
lings, but also provide a theoretical basis for the rational 
application of nitrogen in rapeseed cultivation in saline soils.

Funding

This work was supported by the National Natural Science Foundation of 
China [grant number 42161042]; and Bingtuan Science and Technology 
Program [grant numbers 2018AA004, 2018AA005, 2020AB018].

Acknowledgments

Thanks to Professor Haijiang Wang for his theoretical and technical 
guidance for this paper and Shihezi University for the equipment support 
for this experiment.

Disclosure statement

The authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper.

Author contributions

HJW, JC, TT, and JGW conceived the experiment. TT and JGW designed 
the experiment. TT, JGW, WDL, MTZ, YQ, and TX measured physiolo
gical indexes. TT and JGW conducted data analysis. TT wrote the manu
script. All authors read and approved the manuscript.

Author statement

We have seen and approved the final version of the manuscript being 
submitted. We warrant that the article is our original work, has not 
received prior publication and is not under consideration for elsewhere.

References

1. Ben Salah I, Mahmoudi H, Gandour M, Zribi F, Gruber M, 
Abdelly C. Changes in growth and oxidative response of leaves 
and nodules in Medicago ciliaris during salt stress recovery. 
Biologia. 2018;73:1043–1052. doi:10.2478/s11756-018-0109-3.

2. Shahid MA, Sarkhosh A, Khan N, Balal RM, Ali S, Rossi L, 
Gomez C, Mattson N, Nasim W, Garcia-Sanchez F. Insights into 
the physiological and biochemical impacts of salt stress on plant 
growth and development. Agronomy-basel. 2020;10:938. 
doi:10.3390/agronomy10070938.

3. Zhao CZ, Zhang H, Song CP, Zhu JK, Shabala S. Mechanisms of 
plant responses and adaptation to soil salinity. The Innovation. 
2020;1(1):100017. doi:10.1016/j.xinn.2020.100017.

4. Shahzad B, Rehman A, Tanveer M, Wang L, Park SK, Ali A. Salt 
stress in brassica: effects, tolerance mechanisms, and management. 
J Plant Growth Regul. 2021;1–15. doi:10.1007/s00344-021-10338-x.

5. Rahman M, Rahman K, Sathi KS, Alam MM, Nahar K, Fujita M, 
Hasanuzzaman M. Supplemental selenium and boron mitigate 
salt-induced oxidative damages in glycine max L. Plants-basel. 
2021;10:2224. doi:10.3390/plants10102224.

6. Quan XY, Liang XL, Li HM, Xie CJ, He WX, Qin YX. Identification 
and characterization of wheat germplasm for salt tolerance. Plants- 
basel. 2021;10:2. doi:10.3390/plants10020268.

7. Du BH, Chen NY, Song LL, Wang D, Cai HS, Yao L, Li XT, 
Guo CH. Alfalfa (Medicago sativa L.) MsCML46 gene encoding 
calmodulin-like protein confers tolerance to abiotic stress in 
tobacco. Plant Cell Rep. 2021;40:1907–1922. doi:10.1007/s00299- 
021-02757-7.

8. Muhammad Z, Lu MQ, Shafaque S, Paul H, Wu FB. Comparison of 
biochemical, anatomical, morphological, and physiological 
responses to salinity stress in wheat and barley genotypes deferring 
in salinity tolerance. Agronomy. 2020;10(1):127. doi:10.3390/ 
agronomy10010127.

9. Wang D, Lu X, Chen X, Wang S, Ye W. Temporal salt 
stress-induced transcriptome alterations and regulatory mechan
isms revealed by PacBio long-reads RNA sequencing in Gossypium 
hirsutum. BMC Genomics. 2020;21(1):838. doi:10.1186/s12864- 
020-07260-z.

10. Liu CT, Mao BG, Yuan DY, Chu CC, Duan MJ. Salt tolerance in 
rice: physiological responses and molecular mechanisms. Crop J. 
2022;10:13–25. doi:10.1016/j.cj.2021.02.010.

11. Sun WJ, Jiang XH, Fu YY, Shen XJ, Gao Y, Wang XP. The effects of 
salt stress on chlorophyll fluorescence of cotton seedling leaves. 
J Irrig Drain. 2021;40(7):23–28+121. doi:10.13522/j.cnki. 
ggps.2020480.

12. Hanin M, Ebel C, Ngom M, Laplaze L, Masmoudi K. New insights 
on plant salt tolerance mechanisms and their potential use for 
breeding. Front Plant Sci. 2016;7:1787. doi:10.3389/fpls.2016.01787.

13. Ancin M, Larraya L, Florez-Sarasa I, Benard C, Fernandez-San 
Millan A, Veramendi J, Gibon Y, Fernie AR, Aranjuelo I, 
Farran I. Overexpression of thioredoxin m in chloroplasts alters 
carbon and nitrogen partitioning in tobacco. J Exp Bot. 
2021;72:4949–4964. doi:10.1093/jxb/erab193.

14. Sikder RK, Wang XR, Zhang HS, Gui HP, Dong Q, Jin DS, 
Song MZ. Nitrogen enhances salt tolerance by modulating the 
antioxidant defense system and osmoregulation substance content 
in Gossypium hirsutum. Plants-basel. 2020;9:4. doi:10.3390/ 
plants9040450.

15. Stefaniak J, Lata B. Actinidia arguta leaf as a donor of potentially 
healthful bioactive compounds: implications of cultivar, time of 
sampling and soil N level. Molecules. 2021;26:3871. doi:10.3390/ 
molecules26133871.

e2081419-10 T. TIAN ET AL.

https://doi.org/10.2478/s11756-018-0109-3
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.1016/j.xinn.2020.100017
https://doi.org/10.1007/s00344-021-10338-x
https://doi.org/10.3390/plants10102224
https://doi.org/10.3390/plants10020268
https://doi.org/10.1007/s00299-021-02757-7
https://doi.org/10.1007/s00299-021-02757-7
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.1186/s12864-020-07260-z
https://doi.org/10.1186/s12864-020-07260-z
https://doi.org/10.1016/j.cj.2021.02.010
https://doi.org/10.13522/j.cnki.ggps.2020480
https://doi.org/10.13522/j.cnki.ggps.2020480
https://doi.org/10.3389/fpls.2016.01787
https://doi.org/10.1093/jxb/erab193
https://doi.org/10.3390/plants9040450
https://doi.org/10.3390/plants9040450
https://doi.org/10.3390/molecules26133871
https://doi.org/10.3390/molecules26133871


16. Tofanello VR, Andrade LM, Flores-Borges DNA, Kiyota E, Mayer JLS, 
Creste S, Machado EC, Yin XY, Struik PC, Ribeiro RV. Role of bundle 
sheath conductance in sustaining photosynthesis competence in 
sugarcane plants under nitrogen deficiency. Photosynth Res. 
2021;149:275–287. doi:10.1007/s11120-021-00848-w.

17. Ahanger MA, Qin C, Begum N, Qi M, Dong XX, El-Esawi E, El- 
Sheikh MA, Alatar AA, Zhang L. Nitrogen availability prevents 
oxidative effects of salinity on wheat growth and photosynthesis by 
up-regulating the antioxidants and osmolytes metabolism, and 
secondary metabolite accumulation. BMC Plant Biol. 2019;19 
(1):449–460. doi:10.1186/s12870-019-2085-3.

18. Huang GJ, Zhang QQ, Wei XH, Peng SB, Li Y. Nitrogen can 
alleviate the inhibition of photosynthesis caused by high tempera
ture stress under both steady-state and flecked irradiance. Front 
Plant Sci. 2017;8:945. doi:10.3389/fpls.2017.00945.

19. Alla MMN, Hassan NM. Nitrogen alleviates NaCl toxicity in maize 
seedlings by regulating photosynthetic activity and ROS 
homeostasis. Acta Physiologiae Plantarum. 2020;42:6. 
doi:10.1007/s11738-020-03080-6.

20. Gao ZQ, Zhang JY, Zhang J, Zhang WX, Zheng LL, Borjigin T, 
Wang YC. Nitric oxide alleviates salt-induced stress damage by 
regulating the ascorbate-glutathione cycle and Na+/K+ homeostasis 
in Nitraria tangutorum Bobr. Plant Physiol Biochem. 
2022;173:46–58. doi:10.1016/j.plaphy.2022.01.017.

21. Zhu QQ, Liu GH, Xu YM, Yang JY, Zhang YH. Effect of water 
and nitrogen on the yield and quality of forage rape grown 
after wheat in south Xinjiang. Chin J Eco-Agric. 
2019;27:1033–1041.

22. Shah AN, Tanveer M, Abbas A, Fahad S, Baloch MS, Ahmad MI, 
Saud S, Song YH. Targeting salt stress coping mechanisms for 
stress tolerance in Brassica: a research perspective. Plant Physiol 
Biochem. 2021;158:53–64. doi:10.1016/j.plaphy.2020.11.044.

23. Wei YL, Chen HZ, Wang L, Zhao Q, Wang D, Zhang TG. Cold 
acclimation alleviates cold stress-induced PSII inhibition and oxi
dative damage in tobacco leaves. Plant Signal Behav. 2021;17:1. 
doi:10.1080/15592324.2021.2013638.

24. Li CJ, Han YY, Hao JH, Qin XX, Liu CJ, Fan SX. Effects of 
exogenous spermidine on antioxidants and glyoxalase system of 
lettuce seedlings under high temperature. Plant Signal Behav. 
2020;15:12. doi:10.1080/15592324.2020.1824697.

25. Li B, Wang WT. Salicylic acid induces tolerance of 
Vitisripariax V. labrusca to chilling stress by altered photo
synthetic, antioxidant mechanisms and expression of cold 
stress responsive genes. Plant Signal Behav. 2021;16:11. 
doi:10.1080/15592324.2021.1973711.

26. Guo KW, Xu ZS, Huo YZ, Sun Q, Wang Y, Che YH, Wang JC, 
Li W, Zhang HH. Effects of salt concentration, pH, and their 
interaction on plant growth, nutrient uptake, and photochemistry 
of alfalfa (Medicago sativa) leaves. Plant Signal Behav. 2020;15:12. 
doi:10.1080/15592324.2020.1832373.

27. Dixit G, Srivastava A, Rai KM, Dubey RS, Srivastava R, Verma PC. 
Distinct defensive activity of phenolics and phenylpropanoid path
way genes in different cotton varieties toward chewing pests. Plant 
Signal Behav. 2020;15:5. doi:10.1080/15592324.2020.1747689.

28. Zhao SS, Zhang QK, Liu MY, Zhou HP, Ma CL, Wang PP. 
Regulation of plant responses to salt stress. Int J Mol Sci. 
2021;22:4609. doi:10.3390/ijms22094609.

29. Singh M, Singh VP, Prasad SM. Responses of photosynthesis, nitrogen 
and proline metabolism to salinity stress in Solanum lycopersicum 
under different levels of nitrogen supplementation. Plant Physiol 
Biochem. 2016;109:72–83. doi:10.1016/j.plaphy.2016.08.021.

30. Dvorak P, Krasylenko Y, Zeiner A, Samaj J, Takac T. Signaling 
toward reactive oxygen species-scavenging enzymes in plants. 
Front Plant Sci. 2021;11:618835. doi:10.3389/fpls.2020.618835.

31. He WJ, Yan K, Zhang Y, Bian LX, Mei HM, Han GX. Contrasting 
photosynthesis, photoinhibition and oxidative damage in honey
suckle (Lonicera japonica Thunb.) under iso-osmotic salt and 
drought stresses. Environ Exp Bot. 2021;182:104313. doi:10.1016/ 
j.envexpbot.2020.104313.

32. Mansour MMF, Emam MM, Salama KHA, Morsy AA. Sorghum 
under saline conditions: responses, tolerance mechanisms, and 
management strategies. Planta. 2021;254:24. doi:10.1007/s00425- 
021-03671-8.

33. Zhao YG, Zhang FH, Mickan B, Wang D, Wang WC. 
Physiological, proteomic, and metabolomic analysis provide 
insights into Bacillus sp.-mediated salt tolerance in wheat. Plant 
Cell Rep. 2021;41:95–118. doi:10.1007/s00299-021-02788-0.

34. Selote DS, Khanna-Chopra R. Drought acclimation confers oxida
tive stress tolerance by inducing coordinated antioxidant defense at 
cellular and subcellular level in leaves of wheat seedlings. Physiol 
Plant. 2010;127:494–506. doi:10.1111/j.1399-3054.2006.00678.x.

35. Yang L, Li XH, Hu B, Liu M, Liu WB, Li JX, Zhang J, Wang ZF. 
Physiological response of nitrogen fertilization to wheat seedling 
under mild salt stress. Soil and Fert Sci China. 2020;3:16–22. 
doi:10.11838/sfsc.1673-6257.19194.

36. Yao YA, Sun YF, Feng Q, Zhang X, Gao YF, Ou YB, Yang F, Xie W, 
Dios VR, Ma JB. Acclimation to nitrogen x salt stress in populus 
bolleana mediated by potassium/sodium balance. Ind Crops Prod. 
2021;170:113789. doi:10.1016/j.indcrop.2021.113789.

37. Cruz C, Lips SH, Martins-Loucao MA. The effect of nitrogen 
source on photosynthesis of carob at high CO2 concentrations. 
Physiol Plant. 2010;89:552–556. doi:10.1111/j.1399-3054.1993. 
tb05212.x.

38. Els K, Darin P, Jaco V, Ende DV, Cuypers WA. Plant sugars are 
crucial players in the oxidative challenge during abiotic stress: 
extending the traditional concept. Plant Cell Environ. 
2013;36:1242–1255. doi:10.1111/pce.12061.

39. Hao JJ, Kang ZL. plant physiology. China Beijing: Chemical 
Industry Press; 2005.

40. Singh M, Singh VP, Prasad SM. Responses of photosynthesis, 
nitrogen and proline metabolism to salinity stress in Solanum 
lycopersicum under different levels of nitrogen supplementation. 
Plant Physiol Biochem. 2016;109:72–83. doi:10.1016/j. 
plaphy.2016.08.021.

41. Anita Z, Stefania A, Sabrina Z, Youry P, Katia G, Paola T, Zeno V. 
Nitrate induction triggers different transcriptional changes in 
a high and a low nitrogen use efficiency maize inbred line. 
J Integr Plant Biol. 2014;56(11):1080. 1094. 10.1111/jipb.12214.

42. Ozcubukcu S, Ergun N, Ilhan E. Waterlogging and nitric oxide 
induce gene expression and increase antioxidant enzyme activity in 
wheat (Triticum aestivum L.). Acta Biolologica Hung. 
2014;65:47–60. doi:10.1556/ABiol.65.2014.1.5.

43. Ding SH, Chen S, Lu CM. Research progress on functions of 
glutathione reductase in chloroplasts of plants. Plant Physiol J. 
2016;52:1703–1709. doi:10.13592/j.cnki.ppj.2016.1005.

44. Li H, Liu H, Wang Y, Teng RM, Liu JY, Lin SJ, Zhuang J. Cytosolic 
ascorbate peroxidase 1 modulates ascorbic acid metabolism 
through cooperating with nitrogen regulatory protein P-II in tea 
plant under nitrogen deficiency stress. Genomics. 
2020;112:3497–3503. doi:10.1016/j.ygeno.2020.06.025.

45. Ventimiglia L, Mutus B. The physiological implications of 
S-Nitrosoglutathione reductase (GSNOR) activity mediating NO 
signalling in plant root structures. Antioxidants. 2020;9:1206. 
doi:10.3390/antiox9121206.

46. Tewari RK, Yadav N, Gupta R, Kumar P. Oxidative stress under 
macronutrient deficiency in plants. J Soil Sci Plant Nutr. 
2021;21:832–859. doi:10.1007/s42729-020-00405-9.

47. Shariati S, Zare D, Mirdamadi S. Screening of carbon and nitrogen 
sources using mixture analysis designs for carotenoid production 
by Blakeslea trispora. Food Sci Biotechnol. 2019;28:469–479. 
doi:10.1007/s10068-018-0484-0.

48. Tewari RK, Yadav N, Gupta R, Kumar P. Oxidative stress under 
macronutrient deficiency in plants. J Soil Sci Plant Nutr. 
2020;21:832–859. doi:10.1007/s42729-020-00405-9.

49. Ghosh UK, Islam MN, Siddiqui MN, Cao X, Khan MR. Proline, 
a multifaceted signalling molecule in plant responses to abiotic 
stress: understanding the physiological mechanisms. Plant Biol. 
2021;24:227–239. doi:10.1111/plb.13363.

PLANT SIGNALING & BEHAVIOR e2081419-11

https://doi.org/10.1007/s11120-021-00848-w
https://doi.org/10.1186/s12870-019-2085-3
https://doi.org/10.3389/fpls.2017.00945
https://doi.org/10.1007/s11738-020-03080-6
https://doi.org/10.1016/j.plaphy.2022.01.017
https://doi.org/10.1016/j.plaphy.2020.11.044
https://doi.org/10.1080/15592324.2021.2013638
https://doi.org/10.1080/15592324.2020.1824697
https://doi.org/10.1080/15592324.2021.1973711
https://doi.org/10.1080/15592324.2020.1832373
https://doi.org/10.1080/15592324.2020.1747689
https://doi.org/10.3390/ijms22094609
https://doi.org/10.1016/j.plaphy.2016.08.021
https://doi.org/10.3389/fpls.2020.618835
https://doi.org/10.1016/j.envexpbot.2020.104313
https://doi.org/10.1016/j.envexpbot.2020.104313
https://doi.org/10.1007/s00425-021-03671-8
https://doi.org/10.1007/s00425-021-03671-8
https://doi.org/10.1007/s00299-021-02788-0
https://doi.org/10.1111/j.1399-3054.2006.00678.x
https://doi.org/10.11838/sfsc.1673-6257.19194
https://doi.org/10.1016/j.indcrop.2021.113789
https://doi.org/10.1111/j.1399-3054.1993.tb05212.x
https://doi.org/10.1111/j.1399-3054.1993.tb05212.x
https://doi.org/10.1111/pce.12061
https://doi.org/10.1016/j.plaphy.2016.08.021
https://doi.org/10.1016/j.plaphy.2016.08.021
https://doi.org/10.1556/ABiol.65.2014.1.5
https://doi.org/10.13592/j.cnki.ppj.2016.1005
https://doi.org/10.1016/j.ygeno.2020.06.025
https://doi.org/10.3390/antiox9121206
https://doi.org/10.1007/s42729-020-00405-9
https://doi.org/10.1007/s10068-018-0484-0
https://doi.org/10.1007/s42729-020-00405-9
https://doi.org/10.1111/plb.13363


50. Song LH, Ren XY. Analytical chemistry technology. Chongqing 
University Press. 2016;1:107–108.

51. Heidari M, Mesri F. Salinity effects on compatible solutes, antiox
idants enzymes and ion content in three wheat cultivars. Pak J Biol 
Sci. 2008. doi:10.3923/pjbs.2008.1385.1389.

52. Greer DH. Photosynthetic light responses of apple (Malus domes
tica) leaves in relation to leaf temperature, CO2 and leaf nitrogen 
on trees grown in orchard conditions. Funct Plant Biol. 
2018;45:1149–1161. doi:10.1071/FP18093.

53. Pilar CMM, Susan MM, Papuga SA, Thorp KR, Alonso L, 
Moreno J, Ponce-Campos G, Rascher U, Wang G. Plant chloro
phyll fluorescence: active and passive measurements at canopy and 
leaf scales with different nitrogen treatments. J Exp Bot. 
2016;1:275–286. doi:10.1093/jxb/erv456.

54. Tewari RK, Kumar P, Sharma PN. Oxidative stress and antioxidant 
responses in young leaves of mulberry plants grown under nitrogen, 
phosphorus or potassium deficiency. J Integr Plant Biol. 
2010;49:313–322. doi:10.1111/j.1744-7909.2007.00358.x.

55. Lin JX, Wang YN, Sun SG, Mu CS, Yan XF. Effects of arbuscular 
mycorrhizal fungi on the growth, photosynthesis and photosynthetic 
pigments of Leymus chinensis seedlings under salt-alkali stress and 
nitrogen deposition. Sci Total Environ. 2017;576:234–241. 
doi:10.1016/j.scitotenv.2016.10.091.

56. Nguyen TT, Uthairatanakij A, Srilaong V, Laohakunjit N, 
Jitareerat P. Impact of electron beam irradiation on the chlorophyll 
degradation and antioxidant capacity of mango fruit. Appl Biol 
Chem. 2021;64. doi:10.1186/s13765-021-00592-8.

57. Shigeoka S, Maruta T. Cellular redox regulation, signaling, and 
stress response in plants. Biosci Biotechnol Biochem. 
2014;78:1457–1470. doi:10.1080/09168451.2014.942254.

58. Saleem S, Mushtaq UN, Shah WH, Rasool A, Rehman UI. Morpho- 
Physiological, biochemical and molecular adaptation of millets to 
abiotic stresses: a review. Phyton. 2021;90:1363–1385. 
doi:10.32604/phyton.2021.014826.

59. Weng XY, Zheng CJ, Xu HX, Sun JY. Characteristics of photosynth
esis and functions of the water-water cycle in rice (Oryza sativa) 
leaves in response to potassium deficiency. Physiol Plantarum. 
2010;131:614–621. doi:10.1111/j.1399-3054.2007.00978.x.

60. Balkos KD, Britto DT, Kronzucker HJ. Optimization of ammo
nium acquisition and metabolism by potassium in rice (Oryza 
sativa L. cv. IR-72). Plant Cell Environ. 2010;33:23–34. 
doi:10.1111/j.1365-3040.2009.02046.x.

61. Li M, Svoboda V, Davis G, Kramer D, Kunz HH, Kirchhoff H. 
Impact of ion fluxes across thylakoid membranes on photosyn
thetic electron transport and photoprotection. Nat Plants. 
2021;7:979–988. doi:10.1038/s41477-021-00947-5.

e2081419-12 T. TIAN ET AL.

https://doi.org/10.3923/pjbs.2008.1385.1389
https://doi.org/10.1071/FP18093
https://doi.org/10.1093/jxb/erv456
https://doi.org/10.1111/j.1744-7909.2007.00358.x
https://doi.org/10.1016/j.scitotenv.2016.10.091
https://doi.org/10.1186/s13765-021-00592-8
https://doi.org/10.1080/09168451.2014.942254
https://doi.org/10.32604/phyton.2021.014826
https://doi.org/10.1111/j.1399-3054.2007.00978.x
https://doi.org/10.1111/j.1365-3040.2009.02046.x
https://doi.org/10.1038/s41477-021-00947-5

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Experimental design
	2.3. Determination methods
	2.3.1 Determination of growth parameters
	2.3.2 Determination of indexes of ROS scavenging system in rapeseed seedlings
	2.3.3 Determination of indexes of osmotic regulation system of rapeseed seedlings
	2.3.4 Determination of photosynthetic indexes of rapeseed seedlings

	2.4 Data Processing

	3. Results
	3.1. Effect of salt and nitrogen application on the growth of rapeseed seedlings
	3.5. Correlation analysis of ROS scavenging system and osmoregulatory system in rapeseed seedlings

	4. Discussion
	5. Conclusion
	Funding
	Acknowledgments
	Disclosure statement
	Author contributions
	Author statement
	References

