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Abstract: Four nitrogen rates (0, 90, 180, and 270 kg ha~!) were applied to the waterlogging-tolerant
variety ZS 9 and the sensitive variety GHO1. Seedlings with five leaves were waterlogged for 0
(control) or 10 days to investigate the effects of nitrogen on the quality of waterlogged rapeseed.
Compared with controls, the seed oil content of waterlogged rapeseed increased slightly in GH01
and significantly in ZS 9 with nitrogen application, which can be explained by the following. (1)
after waterlogging, the biomass distribution in roots and leaves of ZS 9 decreased, which alleviated
physiological water shortage. Conversely, biomass distribution in roots of GHO1 increased, which
was not synchronized with the leaf biomass change. (2) After waterlogging at 90-270 kg N ha™!, the
leaf number at bolting and flowering was increased in ZS 9 but decreased in GHO1 compared with
the control. The decrease in leaf area and SPAD value were greater for GHO1 after waterlogging,
which limited photosynthesis. (3) The leaf soluble protein at bolting was highest in ZS 9 and lowest
in GHO1. The sensitive variety showed poor growth. The inhibition of seed protein synthesis
resulted in an increase in the oil content of waterlogged rapeseed with nitrogen. The seed oil of the
waterlogging-tolerant variety was most significantly negatively correlated with leaf soluble protein
content at the flowering stage, while the protein content showed the opposite correlation. The seed oil
of the waterlogging-sensitive variety was most significantly negatively correlated with the number of
leaves at the bolting and flowering stage, while the seed protein content had opposite correlations.

Keywords: rapeseed; waterlogging; nitrogen; quality; leaf characteristics

1. Introduction

Rapeseed (Brassica napus L.) is the world’s second largest o0il crop after soybeans [1]. China is
one of the main producers of rapeseed, with a large planting area accounting for about 30% of the
worldwide area. Rapeseed oil also represents the largest production of edible vegetable oil in China.
The Yangtze River basin is an advantageous region for producing rapeseed in China. However, the
main planting mode of water and drought rotation, coupled with the wet and rainy spring of the
region [2], causes rapeseed at the seedling and flowering stages to be easily waterlogged, becoming a
major natural disaster that restricts the production of rapeseed [3,4]. Outside China, global climate
change is causing heavy rainfall to be common in Europe and North America, corresponding to the
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more frequent occurrence of waterlogging [5]. Hence, waterlogging has become a major natural
disaster that restricts the production of rapeseed globally.

The development of crop reproductive growth requires substances and energy stored in nutrient
organs [6]. Thus, environmental stresses affecting vegetative growth can affect seed yield and
quality [7]. In cereals, tolerance to waterlogging is related to the duration of the waterlogging event,
the crop development stage in which waterlogging occurs, and the sensitivity of the genotype. de
San Celedonio et al. [8] identified that the time around anthesis was the most susceptible period
to waterlogging in wheat and barley. Arduini et al. [9] showed that of the two cultivars, one (cv.
Blasco) was tolerant to waterlogging and the other (cv. Aquilante) was sensitive, thus confirming
that there are high genotypic differences in terms of tolerance to waterlogging in wheat. In rapeseed,
Xu et al. [10] found that the oil content of seeds was not obviously changed after waterlogging at the
initial flowering stage, while oil production significantly decreased. Boem et al. [11] also found that
the effect of waterlogging on oil content was not significant; however, the protein content increased.
Other studies have shown that oil content increases from 42% to 45%, while protein content decreases
after waterlogging at the bolting and flowering stages [12]. Compared with the reproductive stage,
rapeseed in the vegetative growth stage is more sensitive to waterlogging [10,12]. Thus, the effect
of waterlogging on the seed quality of rapeseed is inconsistent, differing with the duration of the
waterlogging event, the crop development stage in which waterlogging occurs, and the sensitivity
of genotype.

When soil is flooded, soil gas exchange is severely obstructed [13]. Free oxygen (O,) is rapidly
depleted and CO, accumulates [14]. Root metabolism is converted from aerobic to anaerobic, and
ATP synthesis is severely obstructed [15], which hinders the absorption of water and nutrients by the
root, and inhibits growth of the aboveground parts [16]. Stomatal closure, chlorophyll degradation,
and photosynthetic inhibition eventually lead to premature leaf senescence [17]. Nitrogen fertilizer is
the main cultivation method for regulating crop growth, and it plays an important role in the regulation
of crop growth after abiotic stress. Meyer et al. [18] suggested that, after short-term waterlogging,
high N (as NOs3) increases the accumulation of biomass in corn plants compared to low N. Nitrogen
fertilizer plays an active role in improving the growth, yield and protein quality of waterlogged feed
crops, and there is a positive linear correlation between the content of coarse protein per plant and
nitrogen application rate [19]. Increased nitrogen fertilizer increases yield and protein content of wheat
and barley after short-term waterlogging [20]. However, Zhang et al. [21] found no improvement
in rice growth following NOj treatment under hypoxia conditions. Ashraf et al. [22] studied the
effects of the interaction between nitrous nitrogen fertilizer and waterlogging at the seedling stage
on corn growth. The results showed that the wet weight of aboveground parts, leaf area, leaf water
potential, and chlorophyll a and b decreased more under higher-nitrogen conditions, indicating
that supplementation with NO3 had a negative impact on waterlogged corn. Under waterlogging
conditions, too much nitrogen reduces soil redox potential [23], most likely because excessive NO3
results in NH,; accumulation, which, when accumulated to a certain extent, inhibits plant growth
and causes metabolic toxicity [24]. Therefore, when using nitrogen fertilizer to regulate the growth
of waterlogged crops in order to alleviate the loss of yield and poor quality caused by waterlogging,
nitrogen application needs to be considered to avoid negative effects.

With increased demands for rapeseed oil and requirements for improved quality, the goal of
rapeseed cultivation has changed from high-yield to high-quality production. The oil content and
protein content are the basic quality indices for rapeseed. The leaf area and photosynthesis at flowering
stage are directly related to seed yield and oil content. After removal of the leaves, seed yield and
oil content decrease [25]. The carbon and nitrogen contents of the leaves are key indicators of the
physiological status of the leaf, and they are also the two main organic categories; their metabolism is
closely related and they are regulated by each other [26]. Soluble sugar is the main carbohydrate and
can be transported into the seed, where it is the main carbon source for fat metabolism of seeds in
rapeseed [27]. Soluble protein is the main nitrogen compound of the leaf. After bolting, the N reuse
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of the leaf can effectively meet the seed development, affecting yield and quality [28]. We therefore
speculate that the characteristics of leaves and carbon and nitrogen metabolism are the key factors
affecting the seed oil and protein content of rapeseed.

In summary, current research on waterlogging and nitrogen fertilizer regulation focuses more
on cereals crops such as wheat, corn, barley. Previous research on the effects of waterlogging on
rapeseed has focused on evaluation of waterlogging tolerance of different rapeseed varieties by seed
yield [4,10], or the regulatory role of plant growth regulators during flooding [29,30]. The aim of this
study was to analyze the effect of different nitrogen application rates and waterlogging, applied during
seedling stages, on seed oil content and protein content of rapeseed varieties with different tolerance to
waterlogging, and their relationships with leaf characteristics were also clarified.

2. Materials and Methods

2.1. Plant Cultivation

A pot experiment was conducted at the experimental site of Huazhong Agricultural University in
2016-2017. A split-plot experiment was performed with two varieties as the main plot, four nitrogen
application amounts as the split plots, and two waterlogging days as split-split plots. The rapeseed
varieties ZS 9 (waterlogging-tolerant variety) and GHO1 (sensitive variety) previously selected by
Zou et al. [31] were used. The two verities had opposing gene expression patterns but also had the
different ability to regulate genes with the same expression patterns in response to waterlogging
stress. Rapeseed was sowed on October 6th in pots (30 cm in diameter X 40 cm in height) filled with
15 kg of well-mixed soil, which was collected from the 0-30 cm soil layer at the experimental station
(organic matter was 11.62 mg g~! and available N, P and K were 41.27,39.92 and 138.30 mg kg™ of soil,
respectively). Seedlings were thinned at the three-leaf stage, and one plant was kept in each pot. Four
different N application rates were applied: 0, 90, 180, and 270 kg ha™! (0, 0.25, 0.50 and 0.75 g pot™'),
respectively. N fertilizer (provided by urea) was applied as base fertilizer, seedling fertilizer and
bolting fertilizer at a ratio of 6:2:2. Applications of P,Os (provided by calcium per phosphate) and K,O
(provided by potassium chloride) were used at 150 kg ha™! (0.42 g pot™!) as base fertilizers. Borax was
applied at a rate of 15 kg ha™! (0.042 g pot™') as a one-time application. Waterlogging was applied
at the seedling stage (five leaves, BBCH 15) [32] for 0 days (WLO) and 10 days (WL10) for each N
application rate. The waterlogging treatment maintained 2 cm of visible water on the surface of the
root collar of rapeseed seedlings. Each treatment was conducted in three replicates with 40 pots in one
replicate. Other management followed conventional methods.

2.2. Measured Indicators and Methods

Twelve representative plants were sampled from each treatment at the seedling stage (23 days
after the end of waterlogging, BBCH 19), the bolting stage (54 days after waterlogging, BBCH 32)
and the flowering stage (79 days after waterlogging, BBCH 63), with three replicates. Whole plants
were removed from pots by water flushing and rinsed with distilled water to clean. Six plants were
randomly selected from each treatment to calculate the biomass. The leaves from the other six plants
were stored in a freezer at —80 °C for measurement of physiological indicators.

2.2.1. Seed Quality

Five grams of the seeds was collected from the main stem of the mature plant, with three replicates.
Near-infrared spectroscopy was used to determine the oil content and protein content of rapeseed.

2.2.2. Agronomic Traits

Biomass accumulation and distribution: each plant was separated into different organs. The root
was cut off from the cotyledon nodes. Dry weight was determined by oven drying at 65 °C to constant
weight. The biomass accumulation and distribution were then calculated.
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The total leaf number included all the fallen and unfallen leaves from the first leaf scar of the
root to the last unfolded leaf. The leaf area of a single plant was measured using a LI-3100C AREA
METER leaf area scanner (LICOR, Lincoln, NE, USA). SPAD values of five plants were measured in
each replicate using a SPAD-502plus chlorophyll meter, with three measurement points on the bottom
three leaves of each plant, then a mean value was determined.

2.2.3. Soluble Sugar Content

Soluble sugar content was determined by Anthrone colorimetry. Fresh leaves (0.50 g) were
weighed and extracted in boiling water for 30 min (twice). The extracted solution was filtered into a
25-mL-capacity bottle, and then 0.5 mL was transferred into a test tube with 1.5 mL distilled water,
0.5 mL onion ketone ethyl acetate and 5 mL concentrated sulfuric acid. The solutions were mixed
thoroughly and placed in a boiling water bath for 1 min. The absorbance was measured at a wavelength
of 630 nm.

Soluble sugar content (mg g_l) = [(m x V1 x N)/(mg x Vs x 10°)] x 100

In this equation, m is the amount of sugar (p1g) found from the standard curve; Vr is the total
volume of the extracted solution (mL); Vs is the sample volume taken for measurement (mL); N is the
dilution factor; 10° is 1 g = 10° ug; and my is the sample mass (g).

2.2.4. Soluble Protein Content

Soluble protein was determined with the Coomassie Blue staining method. Fresh leaves (0.1 g)
were weighed and ground with 5 mL distilled water into a homogenate, which was centrifuged at
1300x g for 10 min. The supernatant (0.2 mL) was transferred to a test tube with 5 mL Coomassie Blue
G-250 solution. After being mixed thoroughly, this was allowed to sit for 2 min before colorimetric
analysis at 595 nm. The absorbance value was determined and the protein content was found using a
standard curve. Calculation equation:

Protein content in the sample (mg g_l) =C X V1/(Vs X Wg X 1000)

In this equation, C is the value from the standard curve (ug); Vr is the total volume of the extracted
solution (mL); Vs is the sample volume taken for measurement (mL); and Wr is the sample wet
weight (g).

2.3. Data Analysis

Data processing was conducted using Microsoft Excel 2013 and SPSS 21.0 for the Windows
software package (SPSS Inc., Chicago, IL, USA). Figures were generated using the Microsoft Excel 2013
software program. All results were subjected to analysis of variance separately for different sampling
dates. To evaluate the effect of waterlogging on leaf characteristics and seed oil and quality, data were
arranged in a split-split plot design with varieties allocated as main plots, nitrogen application rates as
subplots, and waterlogging days as sub-subplots. Three replicates were used. An LSD test was applied
to assess the differences between treatments at a significant level of 5%. Linear regression analyses
were used to determine the relationships between the measured parameters.

3. Results

3.1. Seed Quality

With increasing nitrogen application rate, the seed oil content decreased. The effects of
waterlogging on oil content varied among different nitrogen application rates. The seed oil content of
the two varieties increased after waterlogging with nitrogen application, compared to that of plants
without waterlogging. However, this increase decreased gradually with increase in the nitrogen
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application rate. The seed oil content of ZS 9 increased by 34.7% and 23.6%, while that of GHO1
increased by 7.7% and 5.7% after waterlogging, with nitrogen application rates of 90 and 180 kg ha™!
The oil content showed a slight decrease, but was not statistically significant after waterlogging without

nitrogen application (Figure 1A).
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Figure 1. Effect of nitrogen rates on seed oil and protein content of waterlogged rapeseed ((A), seed oil
content; (B), Seed protein content). WLO0, plants without waterlogging; WL10, plants waterlogged for
10 days at the seedling stage. Values followed by different letters are significantly different at the 0.05
probability level according to LSD test. * Significant at the 0.05 probability level. ** Significant at the
0.01 probability level. NS, not significant according to ANOVA.

With increasing nitrogen application rate, the seed protein content first increased and then
decreased, reaching its highest with a nitrogen application rate of 180 kg ha™!. Waterlogging effects on
protein content varied among different nitrogen application rates and varieties. After waterlogging,
the seed protein of GH 01 decreased with a nitrogen application rate of 180-270 kg ha™!, while that of
ZS 9 slightly increased, but was not statistically significant (Figure 1B).
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3.2. Biomass Accumulation and Distribution

Compared with the plants without waterlogging, the biomass of waterlogged rapeseed significantly
decreased at the seedling and bolting stages, and greater decline was found with increasing nitrogen
application rate and the sensitive variety GHO1. With nitrogen application, the biomass accumulation
of waterlogged rapeseed was higher than that of the control at the flowering and maturation stages,
with the maximum increase seen with nitrogen application rates of 90 kg ha~! and 180 kg ha™! for ZS 9
and 180 kg ha~! and 270 kg ha~! for GHO1 (Table 1).

With the increase in nitrogen application rate, especially from 90 kg ha™! to 270 kg ha™!,
the biomass distribution rate in roots was significantly reduced while that in leaf was significantly
increased. Biomass distribution in leaves of ZS 9 increased with increasing nitrogen application rate
and then decreased, with a peak value at 180 kg ha~!, while that of GHO1 increased with the increase in
nitrogen application rate, with a peak value at 270 kg ha™!. After waterlogging, biomass distribution
in the roots and leaves of ZS 9 decreased, while the biomass distribution in stems increased. In GHO01,
the biomass distribution in roots at seedling, bolting and flowering stages and in leaves at flowering
stages increased, while the biomass distribution in stems at bolting and flowering stages and in leaves
at seedling and bolting stages decreased, with the largest variance at 180 kg ha™! (Figure 2).
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Figure 2. Effects of nitrogen rates on dry matter partition per plant of waterlogged rapeseed (A, ZS 9; B,
GH 01). WLO, plants without waterlogging; WL10, plants waterlogged for 10 days at the seedling stage.

Correlation analysis showed that the biomass distribution in leaves exhibited the highest correlation
with the seed oil and protein content at the maturation stage: the biomass distribution rate in leaves
showed a very significant negative correlation with the seed oil content. However, it showed a very
significant positive correlation with the seed protein content, which was consistent between varieties
(Figure 3).

3.3. Leaf Characteristics

3.3.1. Number of Leaves, Leaf Area and SPAD

With increasing nitrogen application, the number of leaves and leaf area of the two varieties
increased. Waterlogging effects on the number of leaves varied among different nitrogen application
rates and varieties. The number of leaves of ZS 9 decreased without nitrogen application, while it
increased with nitrogen application rates of 90-270 kg ha™! after waterlogging at the bolting and
flowering stages. The number of leaves of GHO1 significantly decreased after waterlogging with all
nitrogen application rates. The effect of nitrogen fertilizer on the leaf area of waterlogged rapeseed
was more consistent between varieties: compared with the plants without waterlogging, the leaf area
of waterlogged rapeseed decreased, with the greatest effect observed at the seedling stage, and the
decrease was greater with increasing nitrogen application rate (Figure 4A,B).
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Table 1. Effects of nitrogen rates on biomass accumulation per plant of waterlogged rapeseed (g).

7 of 16

z
Nitrogen Rate (kg ha-1) Days of Waterlogging - - 59 - - - - Grot - -
Seedling Bolting Flowering Maturity Seedling Bolting Flowering Maturity

0 WLO 9.934 13.35f 14.43f 15.058 5.12f 7.54f 9.93f 15.648

WL10 5.82f 8.058 10.938 14.308 2,40 4188 6.788 13.770

90 WLO 13.47¢ 31.954 40.72¢ 51.74f 8.59¢ 23,504 34.108 40.33f

WL10 8.04¢ 22.28¢ 50.744 71.634 4.308 15.84¢ 35.43¢ 47.12¢

180 WLO 19.80° 45.52¢ 60.45¢ 65.21¢ 16.13° 45.67° 55.244 60.244

WL10 13.57¢ 31.894 80.48° 89.95° 10.604 30.28¢ 72.40° 83.85°

270 WLO 26.66 55.18? 66.09° 73.68° 20.232 54.872 63.63¢ 70.08¢

WL10 18.920 46.85 79.15% 94.722 11.90¢ 45.71° 80.432 92.742

Analyses of variance

Variety (V) - . - -
Nitrogen rate (NR) ** ** o o
Waterlogging (WL) w* ** ** **
V x NR - " - -
V x WL * NS # #
NR x WL - - " "
V x NR x WL NS # # #

Values followed by different letters within the same column are significantly different at the 0.05 probability level according to LSD test; WLO0, plants without waterlogging; WL10, plants

waterlogged for 10 days at the seedling stage. * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. NS, not significant according to ANOVA.
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Figure 3. Correlation between seed oil content, protein content with leaf biomass distribution rate. *
and ** significance at the 0.05 and 0.01 levels, respectively.

With increasing nitrogen application rate, the SPAD of leaves increased. Compared with plants
without waterlogging, the leaf SPAD value at the seedling stage was greatly reduced by waterlogging,
and the decrease became greater with increasing nitrogen application rate: the decrease in GHO1 was
higher than that in ZS 9 (20.6% and 18.5%, respectively) with nitrogen application rates of 270 kg ha=!.
Leaf SPAD values at the bolting and flowering stages of the two varieties were slightly higher, but
were not statistically significantly different than those of the control after waterlogging with nitrogen
application rates of 180-270 kg ha~! (Figure 4C).

3.3.2. Soluble Sugar Content

Compared with other treatments, with nitrogen application rates of 180 kg ha™! to 270 kg ha™?,
the peak value of leaf soluble sugar content in GHO1 was shifted from the bolting stage to the flowering
stage. Leaf soluble sugar contents were all lower than that of the control at different stages after
waterlogging with nitrogen application. The ANOVA showed a significant difference under NRxWL
at the three stages. A greater decrease in the leaf soluble sugar content of the waterlogged rapeseed
was found with more nitrogen and GHO1 at the seedling stage. The soluble sugar contents of ZS 9 and
GHO1 decreased by 7.2% and 11.8% without nitrogen application, and 26.1% and 33.3%, respectively,
with nitrogen application rate of 270 kg ha™! after waterlogging. At the bolting and flowering stages,
a smaller decrease in the leaf soluble sugar content of the waterlogged rapeseed was found with more
nitrogen and ZS 9 (Figure 5).
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Figure 4. Effects of nitrogen rates on leaf number (A), leaf area (B), and SPAD (C) of waterlogged
rapeseed. WLO, plants without waterlogging; WL10, plants waterlogged for 10 days at the seedling
stage. * Significant at the 0.05 probability level, ** Significant at the 0.01 probability level. NS, not

significant according to ANOVA.
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Figure 5. Effects of nitrogen rates on leaf soluble sugar content of waterlogged rapeseed. WLO0, plants
without waterlogging; WL10, plants waterlogged for 10 days at the seedling stage. ** Significant at the

0.01 probability level. NS, not significant according to ANOVA.

3.3.3. Soluble Protein Content

The leaf soluble protein content of ZS 9 increased firstly and then decreased, with a peak value
at the bolting stage, while that of GHO1 decreased firstly and then increased, with a minimum at the
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bolting stage with development stages. It increased first and then decreased, showing the highest value
in both varieties at a rate of 180 kg ha~! with the increase in nitrogen application rate. The ANOVA
showed a significant difference under NR x WL at seedling and bolting stages. The leaf soluble protein
content after waterlogging significantly decreased, and the maximum decrease was observed at the
bolting stage. The decrease became smaller with increasing nitrogen application rate. The leaf soluble
protein content at the bolting stage of ZS 9 decreased by 38.0% and 8.9% with nitrogen application
rates of 0 and 180 kg ha~!, respectively, while that of GHO1 decreased by 34.4% and 12.6%, respectively
(Figure 6).

Seedling  Bolting  Flowering
* x

2000 r 759 GHO1 WL vy e

—-0--WL10_ Nirogenrate(NR) **  **

1700 | e ) — o Tw
ij—é VWL . NS NS
L NR<WL o o NS
- 140.0 ',§' é é ’:Q ':' VANRWL NS NS NS
g fad 5 ¢ ]
1100 | / ! L ]
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Flowerin;

270 0
Nitrogen rate (kg ha™')

Figure 6. Effects of nitrogen rates on leaf soluble protein content of waterlogged rapeseed. WLO, plants
without waterlogging; WL10, plants waterlogged for 10 days at the seedling stage. * Significant at
the 0.05 probability level. ** Significant at the 0.01 probability level. NS, not significant according
to ANOVA.

3.4. Relationship Between Leaf Growth and Seed Oil and Protein Content

The seed oil of ZS 9 was most significantly negatively correlated with leaf soluble protein content
at the flowering stage, while the protein content showed the opposite correlation. The seed oil content
of GHO1 was significantly negatively correlated with the number of leaves, leaf area and SPAD value,
while the seed protein content had opposite correlations, with the most significant correlation with the
number of leaves among the three indicators, and the greatest correlation with bolting stage among the
different stages (Figure 7).
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Figure 7. Correlation analysis of leaf traits with seed oil and protein content at different growth stages.
n =28, Rpp5 =0.707, Ry g1 = 0.834; * and ** significance at the 0.05 and 0.01 levels, respectively.
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4. Discussion

The efficiency of winter rapeseed cultivation is mainly determined by the seed yield, followed by
the oil content [33], which are influenced by a combination of growth rate, the duration of nutritional
growth and seed filling [34]. They are also influenced by genes, environment, cultivation methods
and their interactions [35]. The Yangtze River basin is the main production area of rapeseed in China;
however, because of the planting mode of rice-rapeseed rotation and the excessive rain in spring and
autumn, rapeseed is often subjected to different degrees of waterlogging stress. Based on previous
studies, it is clear that waterlogging can affect seed yield by influencing plant aboveground growth
and development [29]. Reasonable nitrogen application is an important cultivation method to improve
waterlogging tolerance. Previous studies have focused on the regulatory effects of nitrogen fertilizer on
the yield of waterlogged crops [36], and the regulatory mechanisms of nitrogen fertilizer on quality of
cereal crops have been reported [37], but the regulatory mechanism of nitrogen fertilizer on the quality
of rapeseed remains unknown. We therefore carried out studies to clarify the regulatory mechanism of
nitrogen application on the quality of waterlogged rapeseed.

Under suitable water conditions, the root has strong capability to absorb water and nutrients,
promoting the accumulation of aboveground biomass, and increasing yield and quality. However,
under waterlogging conditions, aerobic respiration of the root is inhibited by lack of oxygen in the
soil and weakened by the moisture and nutrient absorbance of the root, directly affecting the plant
aboveground growth [38-40]. Our study showed that, after 10 days of waterlogging at the seedling
stage, the biomass accumulation of rapeseed at the seedling and bolting stages was still significantly
lower with a nitrogen application rate of 0-270 kg ha~!, and it decreased with increasing nitrogen
application, while biomass accumulation at the flowering and maturation stages was significantly
higher than that of the plants without waterlogging, with the greatest increase with a nitrogen
application rate of 180 kg ha~!. Biomass is the basis for the yield and quality of crops, and the balanced
development of each organ had great importance in crops with high yield and quality [41]. Under
the conditions of different nitrogen application rates and waterlogging, the biomass distribution
of rapeseed changed significantly, and there were obvious differences between varieties. The root
and leaf biomass distribution of ZS 9 decreased, while that of stems increased. In GHO1, the root
biomass distribution at the seedling, bolting and flowering stages increased, while the leaf and
stem biomass distributions varied among different stages. Previous studies have shown that the
biomass of the root and aboveground plant decreases after waterlogging, with the influence of the
root being more than that of the aboveground plant, and biomass is more inclined to distribute to the
aboveground plant. This may be an effective metabolic adaptation of the crop under waterlogging
conditions, reducing root biomass to reduce the oxygen consumption by the root during aerobic
respiration [42]. In the present study, the biomass distribution in roots of the waterlogging-tolerant
variety ZS 9 decreased, while the biomass distribution in leaves also decreased, mainly caused by a
decrease in leaf area. In the waterlogging and recovery periods, a decrease in leaf area can reduce the
evapotranspiration of leaves to reduce water consumption, which is also an adaptive response to the
decreased root biomass distribution under physiological water shortage conditions, and this adaptive
change continued to the flowering stage. However, the biomass distribution in roots of the sensitive
variety increased after waterlogging, which was inconsistent with the change in the biomass of leaves.
This may be an important cause of differences in waterlogging resistance between the two varieties.
Previous studies have suggested that seed oil content correlated closely with BARBCS1A expression
levels and Rubisco activities in the silique wall, but not in the leaf [43]. At the pod stage, as leaves
age, the silique wall becomes the main photosynthesis organ for carbohydrate assimilation for seed
development [44,45]. Correlation analysis showed that, under different nitrogen application rates
and waterlogging treatments, the leaf biomass distribution had a significant negative correlation with
the seed oil content and a significant positive correlation with protein content, which was consistent
between varieties. Under the present conditions, leaf growth directly affected seed quality. The reason
for the inconsistency with previous results may be that, under the interactive effects of nitrogen
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and waterlogging, the metabolic pathways changed and the balance in vegetative and reproductive
growth of rapeseed was disturbed. However, the mechanisms require further study. Studies on wheat
showed that seed starch content is determined by the carbohydrate supply of the source organ and the
transformation of the sink organ [46,47]. The carbon substrate comes from two sources: (1) the carbon
assimilated after flowering is directly transported to the seed, and (2) carbohydrates produced and
stored by the vegetative organ before flowering are redistributed to the seed in the mid-late stage of
seed pod filling [48,49], which validates the results of this study:.

The leaf characteristics greatly influenced the photosynthetic efficiency and photosynthesis product
distribution to each organ of the crop [50]. The present results showed that the leaf area of waterlogged
rapeseed decreased compared with the control, and the decrease was greater with increasing nitrogen
application rate, with the greatest effect observed at the seedling stage. The number of leaves of ZS 9 at
the bolting and flowering stages decreased after waterlogging without nitrogen application, while they
increased with nitrogen application rates of 90-270 kg ha~!. The number of leaves of GHO1 showed
decreases at all nitrogen application rates after waterlogging. Waterlogging reduced the leaf SPAD
value at the seedling stage, and the decrease was greater with increasing nitrogen application rate and
in GHO1. At the bolting and flowering stages, the leaf SPAD value of the two waterlogged varieties was
slightly higher than that of the control with nitrogen application rates of 180-270 kg ha~!. Hence, the
number of leaves and SPAD showed compensatory effects at the bolting and flowering stages, while
the negative effects of waterlogging on leaf area lasted to the flowering stage, and a greater negative
effect was observed under high-nitrogen conditions. Under waterlogging conditions, too much
nitrogen could reduce soil redox potential [23], and excessive NO3 might cause NH4 accumulation,
which could inhibit plant growth and result in metabolic toxicity when reaching a critical level [24].
Compared with the waterlogging-tolerant variety, there was greater demand for nitrogen fertilizer by
the sensitive variety to alleviate waterlogging damage. Appropriate application of nitrogen fertilizer
after waterlogging can improve the number of leaves of the waterlogging-tolerant variety, and increase
the SPAD value of both waterlogging-tolerant and sensitive varieties, to improve leaf photosynthesis
and aboveground biomass accumulation, providing the basis for oil and protein synthesis.

Carbon and nitrogen metabolism play important roles in crop growth and development. Carbon
metabolism includes the synthesis, decomposition and conversion of carbohydrates, and nitrogen
metabolism includes the synthesis, decomposition and re-synthesis of nitrogen-containing compounds.
Carbon metabolism can provide energy and a skeleton for nitrogen metabolism, but nitrogen metabolism
and carbon metabolism also have a competitive relationship; therefore, regulation of the carbon and
nitrogen metabolism balance is the basis for achieving high quality and high yield in crops [51-53].
The present study used soluble sugars to estimate leaf carbon metabolism, and soluble protein content
to assess leaf nitrogen metabolism. Compared to other treatments, the peak value of leaf soluble sugar
content in GHO1 was delayed from the bolting stage to the flowering stage with nitrogen application
rates of 180 and 270 kg ha~!. The leaf soluble sugar content of waterlogged rapeseed was lower than
that of the control under all nitrogen application rates at different stages, and the decrease became
greater at the seedling stage, while it became smaller at the bolting and flowering stages with an
increase in nitrogen application rate. The leaf soluble protein content decreased significantly after
waterlogging, with the greatest decline at the bolting stage, and less decrease was found with increasing
nitrogen application. This indicated that leaf carbon and nitrogen metabolism was still affected during
the recovery period. Among the measured indicators related to leaves, the seed protein of ZS 9 had
the greatest correlation with leaf soluble protein at the flowering stage, while seed protein content
of GHO1 showed the greatest correlation with number of leaves at bolting stage, and significantly
positively correlated with leaf protein content at flowering stage as well. Previous studies have
also shown that soluble proteins are the main nitrogen compounds of the leaves, and the reuse of
leaf N after bolting can effectively satisfy seed filling to affect quality [28]. In the present study, the
decrease in leaf soluble protein content inhibited the reuse of leaf N for seed filling, resulting in a
decrease in seed protein of GH 01 with a nitrogen application rate of 180-270 kg ha™!, but this was not
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statistically significant. In addition, there was a significant difference in the dynamic change in the
soluble protein content with the development stage between the two varieties. The leaf soluble protein
content of the waterlogging-tolerant variety reached the highest value, while that of the sensitive
variety reached the lowest value, both at the bolting stage. The bolting stage is a key vegetative
period. Less leaf protein of the sensitive variety GHO1 at the bolting stage adversely affected the seed
quality after waterlogging. In addition to the insufficient supply of leaf N at the bolting and flowering
stage, fewer leaves in GHO1 further inhibited carbohydrate assimilation, resulting in a decrease in
seed protein after waterlogging. Seebauer et al. [27] reported that, although the leaf soluble sugar
content of rapeseed decreased, the main carbon source for fat metabolism in seed also decreased,
which was opposite to our results. In the present study, the decreased leaf soluble protein content
inhibited the reuse of leaf N. Under this condition, seed protein synthesis was restricted and storage
of carbohydrate in leaves was prioritized to fatty acid synthesis, promoting the accumulation of oil
content after waterlogging. However, this increase in seed o0il content was gradually reduced with
increasing nitrogen application rate. Xu et al. [10] reported that there was still a negative correlation
between seed oil and protein content of rapeseed after waterlogging, which was quite similar to our
results. In the present study, the optimum nitrogen application rates for the positive regulation of oil
and protein content after waterlogging were 90 kg ha~! and 180 kg ha™!, respectively.

5. Conclusions

The interaction between waterlogging and different nitrogen application rates produced different
changes in seed protein and oil content between the varieties, which were closely related to leaf
characteristics during the recovery period. With nitrogen application after waterlogging, the biomass
distribution of roots and leaves in the waterlogging-tolerant variety decreased simultaneously;,
the number of leaves increased at the bolting and flowering stages, and leaf soluble protein content
was high at the bolting stage, which was beneficial for restorative growth. Although the leaf soluble
sugar content decreased and the carbon source for fat metabolism in seed decreased, the storage of
carbohydrate in leaf was prioritized to fatty acids synthesis, resulting in a significant increase in seed
oil content in waterlogged rapeseed, whereas the seed oil content of the waterlogging-sensitive variety
showed a slightly increase, but this was not statistically significant. However, this increase decreased
gradually with increasing nitrogen application rate. Therefore, the nitrogen application rate needs to be
carefully considered according to the characteristics of different varieties when using nitrogen fertilizer
to relieve waterlogging stress. In the present study, the optimum nitrogen application rates for positive
regulation in oil and protein content after waterlogging were 90 kg ha~! and 180 kg ha™!, respectively.
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